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Abstract: Iron is an essential element that participates in numerous cellular processes. Any disruption
of iron homeostasis leads to either iron deficiency or iron overload, which can be detrimental for
humans’ health, especially in elderly. Each of these changes contributes to the faster development
of many neurological disorders or stimulates progression of already present diseases. Age-related
cellular and molecular alterations in iron metabolism can also lead to iron dyshomeostasis and
deposition. Iron deposits can contribute to the development of inflammation, abnormal protein
aggregation, and degeneration in the central nervous system (CNS), leading to the progressive decline
in cognitive processes, contributing to pathophysiology of stroke and dysfunctions of body metabolism.
Besides, since iron plays an important role in both neuroprotection and neurodegeneration, dietary
iron homeostasis should be considered with caution. Recently, there has been increased interest in
sex-related differences in iron metabolism and iron homeostasis. These differences have not yet been
fully elucidated. In this review we will discuss the latest discoveries in iron metabolism, age-related
changes, along with the sex differences in iron content in serum and brain, within the healthy aging
population and in neurological disorders such as multiple sclerosis, Parkinson’s disease, Alzheimer’s
disease, and stroke.

Keywords: aging; Alzheimer’s disease; iron metabolism; multiple sclerosis; Parkinson’s disease; sex
differences; stroke

1. Introduction

Iron is an essential micronutrient because of its importance in the process of erythropoiesis,
oxidative metabolism, and cellular immune responses [1]. Healthy adults contain 4–5 g of iron, which
is mostly (65%) found in red blood cell hemoglobin (Hb), and 30–35% is stored in the liver in the form
of ferritin. Only 1–2% is in the form of iron-sulfur clusters or heme in the enzymes and multiprotein
complexes [2]. Despite its essential role in the human body [3], there are no effective means of excreting
iron [4]. Thus, a critical point in iron homeostasis is the regulation of the absorption of dietary iron
from the duodenum. The body absorbs 1–2 mg of dietary iron a day, and this intake must be balanced
with losses in the form of sloughed intestinal mucosal cells, menstruation, and other blood losses [5].
Maintaining the balance is very important because free iron is able to generate free radicals through
Fenton reaction, and it is highly toxic [6,7]. Therefore, organisms have developed sophisticated
pathways to import, chaperone, sequester, and export iron in order to maintain an appropriate iron
balance [8]. Any disruption of iron homeostasis leads to either iron deficiency (ID) or iron overload
(IO) [9].
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The pathophysiological consequences of ID are impairments in cognitive development,
cardiovascular diseases, endothelial disorders, and other health complications [10], especially in
elderly. A chronic low-grade inflammation present in the elderly leads to less efficient absorption
through hepcidin regulation and subsequent increase in ferritin concentrations. ID becomes more of a
problem because of age-related changes in Hb and sex hormones, effects of medication prescribed for
age-related diseases, and metabolic changes associated with inflammatory states [11].

IO leads to adverse manifestations in different tissues (brain, heart, liver, adipose, muscle, pancreas)
and it is implicated in the pathogenesis of several metabolic (e.g., type 2 diabetes, non-alcoholic
steatohepatitis, atherosclerosis, stroke, etc.) [12] and neurodegenerative diseases (e.g., Alzheimer’s
disease (AD), Parkinson’s disease (PD), multiple sclerosis (MS), etc.) [13], which could be found more
often in elderly.

Although physiological iron requirements do not differ between adult and elderly men,
and post-menopausal and elderly women, there is growing evidence that iron metabolism is affected
by the aging process [11]. Age-related cellular and molecular alterations in iron metabolism can
lead to iron dyshomeostasis and deposition [14]. Iron deposits can contribute to the development
of inflammation, abnormal protein aggregation and degeneration, especially in the central nervous
system (CNS), leading to the progressive decline in cognitive processes [13], and contributing to
pathophysiology of stroke [15].

An increased number of recent experimental and clinical discoveries about the sex-related
differences in iron metabolism present in certain neurological disorders [16–22] is raising attention,
and pointing to the need for future research exploring possible underlying mechanisms, which could
be responsible for the sex differences in the susceptibility to these diseases.

Whereas environmental factors are involved in most of the cases of neurodegenerative diseases, it is
important to take into consideration the role of nutrition in both neuroprotection and neurodegeneration.
Furthermore, there is sufficient evidence regarding ID having adverse health effects to justify correcting
it through diet or iron therapy. At the same time, it is important to ensure that the risk of high body iron
stores is not increased as this may have detrimental effects on the brain and cause neurodegeneration
and other neurological disorders [23,24]. Therefore, the aim of this review is to provide an up-to-date
discussion in iron metabolism, age-related changes, along with the sex differences in iron content in
serum and brain, within the healthy aging population and in neurological disorders such as MS, PD,
AD, and stroke.

2. Systemic Iron Metabolism

In the last 15 years, many new iron genes, proteins and pathways have been discovered thanks to
the application of genetic screens and transgenic technology in biomedical research. They brought a
new light in the understanding of iron absorption, trafficking, utilization, and regulation [25].

2.1. Iron Absorption

All iron enters the body from the diet. Normal diet should contain 13–18 mg of iron per day
but only 1–2 mg is absorbed [26]. Absorption of dietary iron mainly occurs at the apical surface of
the mature duodenal enterocytes [27]. Low pH of duodenum favors solubility of iron while further
down the intestine the formation of insoluble ferric complexes probably reduces bioavailability [26].
It is well known that vitamin C enhances iron uptake in the duodenum but it is also important at
cellular level since it enables efficient uptake of iron from transferrin, which is the only source of iron
for erythropoiesis [28].

Dietary iron can be in heme (10%) and non-heme (ionic, 90%) forms and they absorb via different
mechanisms [26]. Dietary non-heme iron primarily exists in an oxidized (Fe3+) ferric form that is not
bioavailable, and therefore must be reduced to the ferrous (Fe2+) form before the transport across the
intestinal epithelium [29,30]. The reduction of iron from the ferric to the ferrous state occurs at the
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enterocyte brush border by a duodenal cytochrome b (DCYTB), an iron-regulated ferric reductase
enzyme [27,29].

Ferrous iron is then transported across the apical plasma membrane of the enterocyte by divalent
metal transporter-1 (DMT1) [31,32]. Inside the enterocyte, iron may be stored as ferritin and excreted
in the faeces when the senescent enterocyte is sloughed. The other possibility is the transfer of iron
out of the enterocyte across the basolateral membrane to the plasma by the basolateral iron exporter
ferroportin-1 (FPN1) [33,34]. FPN1 is a 12 transmembrane domain protein (also known as SLC40A1,
IREG1, or MTP1) [35]. It transports ferrous iron, which must be oxidized by a multi-copper oxidase
protein called hephaestin (HEPH) to ferric iron [30,36], which binds to plasma transferrin (Tf) [37,38].

The research supports the existence of transferrin-independent routes of iron uptake. DMT1 was
thought to be responsible for non-transferrin-bound iron (NTBI) uptake by liver cells, but iron
loading of DMT1-deficient mouse hepatocytes indicates that there is at least one alternative
transferrin-independent uptake pathway [39]. The main candidate for this alternative pathway
is a zinc transporter Zrt–Irt-like protein 14 (ZIP14, SLC39A14). It is considered as the second major
carrier involved in NTBI uptake by hepatocytes [40].

Heme iron is absorbed into enterocytes by a heme carrier protein 1 (HCP1). It is a membrane
protein in the proximal intestine, where heme absorption is the greatest [41,42]. Once internalized in
the enterocytes, the most dietary heme iron is released as ferrous iron by heme oxygenase (HO) and
enters a common pathway with dietary non-heme iron before it leaves the enterocytes [1]. It remains
unclear whether some heme traverses the cells intact and leaves the enterocytes through the action
of the heme exporters breast cancer resistance protein/ATP-binding cassette subfamily G member 2
(BCRP/ABCG2) and feline leukemia virus C receptor (FLVCR) [41].

2.2. Iron Transport and Distribution

Except for the duodenal enterocytes, the sources of iron in the plasma are iron-recycling
reticuloendothelial macrophages [43]. When iron enters the circulation, it binds to Tf and is transported
to sites of use and storage [44]. Human Tf is a 76-kDa glycoprotein mainly produced in the liver. One
Tf molecule can carry two ferric ions. Serum Tf can be in the non-iron bind (apo-Tf), monoferric, or
diferric (holo-Tf) forms [45,46].

The interaction between Fe3+ and Tf is dependent on pH. Fe3+ efficiently binds to Tf at pH 7.4 and
dissociates from Tf at acidic pH [46]. Iron enters cells that require iron through a transferrin receptor
1 (TfR1)-mediated mechanism [47]. Holo-Tf has a much higher affinity for TfR than monoferric-Tf.
Therefore, holo-Tf binds to TfR1 on the cell surface and the whole complex is internalized by
clathrin-mediated endocytosis forming clathrin-coated endosomes (siderosomes) [44]. In the acidic
endosomal milieu, Fe3+ dissociates from Tf and is converted to Fe2+ by metalloreductases [48]. Fe2+ is
transported into the cytosol by DMT1 while Tf/TfR1 complex is transported to the cell surface and both
elements are reused in another cycle of cellular iron uptake [46]. TfR1 is expressed in all tissues [49] and
its expression is regulated by the cellular iron status at both the transcriptional and post-transcriptional
levels. In the presence of hypoxia or ID, the expression of hypoxia-inducible factors (HIF-1α and HIF-2α)
increases, and these proteins bind to the hypoxia response element (HRE) in the promoter of transferrin
receptor (TFRC) gene, thereby promoting TFRC transcription [50]. At the post-transcriptional level,
the iron regulatory protein (IRP)/iron responsive element (IRE) system plays an important role [51].
Under intracellular iron-deficient conditions, intracellular iron sensors IRP1 and IRP2 bind to IREs
to stabilize the TFRC mRNA and enhance the expression of TfR1 protein. In the case of iron excess,
IRPs lose their interactions with IREs. IRP1 becomes an aconitase through conformational changes [52]
and IRP2 is degraded after ubiquitination [53,54], resulting in destabilization and degradation of
TFRC mRNA.

Transferrin receptor 2 (TfR2) mRNA is highly expressed in the liver and to a lesser extent in
spleen, lung, muscle, prostate and peripheral blood mononuclear cells [46,55]. It binds to holo-Tf with
20-fold lower affinity than TfR1 [56]. Since TfR2 lacks an IRE, it is not regulated in response to the
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plasma iron level. Instead, TfR2 expression is reciprocally regulated by Tf saturation, and consequently
upregulated in IO [5]. It was also suggested that TfR2 could be involved in the uptake of NTBI [57].

2.3. Iron Storage and Recycling

The liver is the main storage site for excess iron [49]. The uptake of Tf-bound iron from plasma to
liver cells is through the TfR1 and TfR2. Since free intracellular iron is toxic, most of the iron in the
cells is stored in ferritin [58]. The poly(rC)-binding proteins act as intracellular iron chaperones and
deliver iron to ferritin and several enzymes [59].

Ferritin is the main form of iron storage and can be found in all tissues, but mostly in the liver,
spleen, and in bone marrow. It has the capacity to sequester up to 4500 atoms of non-heme iron in
its spherical structure [60]. This spherical structure consists of 24 subunits of heavy (H) and light (L)
ferritin in different ratios, depending on the tissue [61]. Within the ferritin, iron is stored in the ferric
form [62]. Ferritin shows enzymatic properties by converting ferric to ferrous iron as iron is sequestered
in the ferritin mineral core [63]. When high concentrations of iron-laden ferritin accumulate within the
cell, the ferritin molecules aggregate, and fuse with lysosomes. This process leads to the degradation
of ferritin, and the resulting mixture of Fe3+ cores and peptides is known as hemosiderin [64]. Iron can
be efficiently mobilized from both ferritin and hemosiderin when it is required elsewhere in the body.

Another important feature of ferritin is that small amounts are secreted from the cell, and this
amount strongly correlates with the concentration of intracellular iron. This association makes serum
ferritin concentrations an accurate indicator of body iron stores [65].

Mitochondrial ferritin is also an iron-storage protein. Its amino acid sequence shares high homology
with H-chain ferritin, indicating similar functions [66,67]. It has been shown that mitochondrial ferritin
expression is limited to tissues with high metabolic activity and oxygen consumption, such as brain,
testis, and heart [68].

A significant part of iron (600 mg) is deposited in tissue macrophages [69], which respond to
systemic iron requirements by the interaction of hepcidin and FPN1 [70,71]. Iron storage at the
macrophages is safe and does not lead to oxidative damage [72]. The amount of iron required for daily
production of red blood cells (20–30 mg) is provided mostly by iron recycling by macrophages [1,73].
Splenic and hepatic macrophages phagocytize and degrade senescent and damaged erythrocytes
to recover iron, mainly to produce Hb in new erythrocytes but also for other carriers and enzymes
requiring iron [69]. In the phagocytic vesicles, heme is metabolized by HO and iron is exported to the
cytoplasm by a protein similar to DMT1 [1].

Erythropoietin reduces iron retention in macrophages by decreasing DMT1 and increasing FPN1
expression [72]. Macrophages obtain a certain amount of iron from plasma through the action of DMT1
and TfR1, and from apoptotic cells and bacteria [44].

2.4. Regulation of Systemic Iron Homeostasis

All the processes involved in maintaining iron homeostasis are regulated at the different levels,
mainly by the interaction and cooperation of three systems [74]. The first system consists of
hormone hepcidin and iron export protein FPN1. They act on systemic level and regulate serum iron
levels [75]. The post-transcriptional regulation of iron genes involved in intracellular iron homeostasis
is mediated by the interaction of IRPs and IRE while HIF2 α mediates transcriptional regulation of iron
homeostasis [76].

Hepcidin is a key regulator of iron level. Variations in body iron demand are communicated to the
liver which, in turn, modulates the expression of hepcidin [77], encoded by the hepcidin antimicrobial
peptide gene (HAMP) [78]. Hepcidin is primarily produced by liver sinusoidal endothelial cells in
response to iron levels [75,79], and in the small quantity by macrophages [80] and adipocytes [81].
Different physiological and pathological conditions such as increased erythropoiesis, hypoxia, anemia,
IO, endocrine, metabolic, and inflammatory processes affect hepcidin synthesis in hepatocytes [63,82].
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Hepcidin is upregulated in response to iron loading and inflammation and decreases in response to ID
and hypoxia [83,84].

Hepcidin transcription is regulated by bone morphogenic protein 6 (BMP6) [85], which acts on
hepatocytes through BMP receptor (BMPR) [86]. BMPR creates a supercomplex with hemojuvelin
(HJV), matriptase 2 (MT2) and neogenin [87].

Activated BMPR induces phosphorylation of s-mothers against decapentaplegic (SMAD)
molecules, which then cause an increase in hepcidin expression through activation of HAMP gene [38].
Tumor necrosis factor (TNF), pathogens, and interleukin-6 (IL-6) stimulate hepcidin synthesis via
signal transducer and activator of transcription 3 (STAT-3) activation [77,88]. Hepcidin expression
in macrophages is regulated mainly through toll-like receptor 4 (TLR4) associated with adaptor
proteins [89].

Iron sensing is dependent on an interaction of Tf, TfR1 and TfR2, aided by the hemochromatosis
protein (HFE). HFE has an extracellular transferrin receptor-binding region and forms a stable complex
with TfR1 [90]. When HFE binds to TfR1, HFE changes the conformation of the Tf-Fe binding site,
decreasing the affinity of TfR1 for Tf and iron entry into cells [49,84,91].

Hepcidin expression decreases the iron absorption from the duodenal enterocytes, iron release
from macrophages and its transport across the placenta [92,93]. The iron exporter required for iron
egress from enterocytes, macrophages, as well as all other iron exporting cells including placental
syncytiotrophoblasts and hepatocytes, is FPN1. It is not only the effector of cellular iron export, but
also the receptor for hepcidin, its primary regulator [94]. Hepcidin binds to FPN1 present on the cell
surface and induces the phosphorylation of amino acids located on an intracellular loop of FPN1,
triggering the internalization of the hepcidin-FPN1 complex, leading to the ubiquitination of FPN1
and lysosomal degradation of both proteins [65].

In the inflammatory conditions, upregulation of hepcidin is mainly through IL-6 [93,95], which
induces STAT-3 activation and its binding to the hepcidin promoter [96]. The increased hepcidin
synthesis causes iron sequestration in macrophages and decreases iron availability in tissues, limiting
the growth of microbes [70] and causing the characteristic hypoferremia and eventually anemia of
inflammation [93,95].

3. Brain Iron Metabolism

The brain is a very metabolically active organ and accounts for about 20% of the body’s total
energy consumption. These high-energy needs must be supported with an adequate supply of iron [97].
Therefore, iron is the most abundant metal in the brain [14]. It has an essential role as a co-factor
for many physiological processes in the CNS, including oxidative metabolism, myelination, and the
biosynthesis of neurotransmitters [98]. To ensure the normal course of these processes, brain iron levels
are tightly regulated [99].

The entry of iron from the blood into the brain is controlled by the blood–brain barrier (BBB) [100]
and to a lesser extent by the blood–cerebrospinal fluid barrier (BCSFB) [101]. The role of the BBB is
to prevent the brain from neurotoxic plasma components and pathogens [102]. At the same time,
it controls chemical composition of the neuronal milieu by regulating the transport of molecules
required for normal neuronal functioning [103]. The BBB is formed by a monolayer of tightly
sealed microvascular endothelial cells extending along the vascular tree [104] and expressing low
paracellular and transcellular permeability [105]. Those endothelial cells are surrounded by basal
lamina and astrocytic perivascular end-feet, forming the neurovascular unit [106]. Tf-bound iron
cannot cross the BBB directly and the mechanism of iron transcellular entry into the brain is not entirely
clear [107]. According to the recent models [108,109], there are two possible iron transport pathways:
transferrin-bound iron (Tf-Fe) and NTBI [107] (Figure 1).
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Figure 1. Iron transport inside the brain. A scheme of proposed transferrin-bound and
non-transferrin bound iron transport pathways in the brain. Abbreviations: BVEC—blood vascular
endothelial cell, Tf—transferrin, TfR1—transferrin receptor 1, Fe3+—ferric iron, Fe2+—ferrous
iron, DCYTB—duodenal cytochrome b, DMT1—divalent metal transporter-1, FPN1—ferroportin-1,
LIP—labile iron pool, CP—ceruloplasmin, HEPH—hephaestin, NTBI—non-transferrin-bound iron,
FT—ferritin, H-FT—H-ferritin, TIM-1—T-cell immunoglobulin and mucin domain.

The Tf/TfR1 pathway is considered to be the major route for iron transport across the luminal
membrane of the capillary endothelium [107]. According to the widely established transcytosis
mechanism, Tf binds to TfR at the luminal side of the brain capillaries [32]. The complex traverses the
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cell in the endocytosis vesicle, where the acid environment facilitates the release of ferric iron from Tf
and its reduction to ferrous iron by endosomal reductase [110], possibly DCYTB or six-transmembrane
epithelial antigen of the prostate-2 (STEAP2) [111]. The next steps in this pathway are still not
completely clear. One possibility is that ferrous iron is transported from the endosome to the cytosol
by the DMT1 [112] and joins the intracellular labile iron pool (LIP) [113] (Figure 1). It could be
further utilized for metabolic purposes by the endothelial cells, stored in endothelial cell ferritin [114]
or imported into mitochondria via mitoferrins and TfR2 [115]. It could be also released into the
extracellular fluid by action of export protein FPN1 [108], and reoxidized to Fe3+ by ferroxidases HEPH
and ceruloplasmin (CP) [100]. Studies have confirmed that capillary endothelium of the BBB, neurons,
and astrocytes, has the ability to express FPN1 and HEPH [116,117]. The alternative mechanism that
has been proposed is that the endosome containing Tf-TfR1 complex goes all the way to the abluminal
side and releases iron between the endothelial cells and astrocyte end-foot processes [99]. The released
ferrous iron is then oxidized to ferric iron by the ferroxidase activity of CP or HEPH expressed on the
end-foot processes [112]. Oxidized iron binds to apo-Tf circulating within the brain [113] (Figure 1).
The main source of Tf in the brain interstitium is its diffusion from the ventricles and a certain amount
is synthesized in oligodendrocytes [118]. Because of the low concentrations of Tf in the cerebrospinal
fluid (CSF), iron saturation of CSF Tf is almost 100%, while serum Tf is saturated by about 30% [99].
Consequently, under conditions of IO, CSF Tf has much lower buffering capacity [119], NTBI levels
may be quite high [120], and the vulnerability of neuronal cells to iron toxicity increases [119].

Iron may also enter the brain through epithelial cells of the choroid plexus, which form the
BCSFB [121]. The choroid plexus consists of fenestrated capillaries so the holo-Tf can cross them and
reach the choroidal epithelium [122]. Further, the iron is released the same way as from the BBB
endothelial cells by means of DMT1, FPN1 and ferroxidases [14]. When iron enters the CSF, there is no
diffusional barrier between CSF and interstitial fluid. Iron binds to Tf in CSF and supplies CNS cells
expressing TfR1 [123].

Different cell types in the brain acquire iron by distinct pathways. Neurons express high levels of
TfR1. Therefore, Tf is the main source of iron for neurons [112], although neurons can also uptake
NTBI from interstitial fluid [124]. Unlike them, oligodendrocytes and astrocytes do not express TfR1
and their main source of iron is NTBI [110]. Namely, ferrous iron in the brain interstitium can also bind
to ATP or citrate released from astrocytes and it is transported to oligodendrocytes and astrocytes as
NTBI [99] (Figure 1).

Oligodendrocytes acquire NTBI via the T-cell immunoglobulin and mucin domain (Tim-1). It is
a ferritin receptor exclusively expressed in oligodendrocytes that binds H-ferritin [125]. Astrocytes
express ferri-reductase on their plasma membranes to reduce ferric to ferrous iron and facilitate
iron uptake [126] (Figure 1). Once iron enters the brain cells, the iron pool is tightly regulated.
It has to provide enough iron for cellular functions and prevent the development of oxidative
stress [110]. Ferritin has an important role in iron sequestration and free iron level reduction [127],
whereas neuromelanin captures large amounts of iron in certain neurons for longer-term storage [128].
Namely, the pigment neuromelanin acts as a scavenger binding redox-active metal ion such as iron.
The expression of ferritin varies in different cell types according to their functional requirements for
iron. Neurons contain the least, and microglia contain the most amount of cytosolic ferritin [129]
but in the hypoxic conditions ferritin synthesis increases in cortical neurons and decreases in glial
cells [130]. Ferritin degradation by the autophagy-lysosome system [131] initiates iron release, mainly
through FPN1 [132]. Since hepcidin regulates the expression of FPN1, it modulates cellular iron level
as well [13]. Recent studies revealed that hepcidin can be produced by the brain endothelium [108]
or systemically derived by passing the BBB [133], and it is widely distributed in the brain [134,135].
Hence, hepcidin may be involved in the regulation of iron availability and circulation in the brain [108].
Cellular iron levels are also modulated at the post-transcriptional level by binding to the IREs of mRNA
of IRPs [13].
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When some of these cellular and molecular mechanisms of iron regulation are disrupted, the brain
iron homeostasis is disturbed as well. If there is either too much or too little iron in the brain,
numerous neurologic disorders can occur [14]. Excessive brain iron accumulation is found in MS,
PD and AD, amyotrophic lateral sclerosis (ALS), neurodegeneration with brain iron accumulation,
and Huntington’s disease [114]. ID is associated with significant cognitive, performance and brain
structural deficits [136].

4. Age-Related Iron Dyshomeostasis

Many iron homeostatic mechanisms appear to be affected during physiological aging (Figure 2).
Therefore, older age is associated with increased risk of ID, elevated body iron stores and increased
brain iron levels [23].

Iron deficiency is the most common nutrient deficiency worldwide [137]. The causes underlying
ID, i.e., ID anemia are diverse and include: inadequate oral iron intake resulting from poor diets,
excessive milk intake or vegetarian diets, inadequate iron absorption as a result of celiac disease and
others, or excessive iron loss, mainly because of the blood loss or as a result of parasitic infection [137].
Inadequate iron supply leads to cerebral hypoxia [138], insufficient neurotransmitter synthesis [13], poor
myelin integrity [139,140], and consequently to poor cognition, cognitive decline, and dementia [141].

Body iron levels may be elevated in older adults due to consumption of highly bioavailable forms
of iron, such as supplemental iron and red meat, or enhancers of nonheme-iron absorption like vitamin
C [142]. Studies have shown that high body iron stores were associated with increased risk of coronary
heart disease [143], type 2 diabetes [144], and cognitive impairment and dementia [145].
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Brain iron accumulation is considered as a hallmark of aging [146] and it is associated with the
progressive imbalance between antioxidant defenses and intracellular generation of reactive oxygen
species (ROS) [147]. This may explain the increased susceptibility of the aged brain to disease and the
reason why aging is the major risk factor in neurodegenerative diseases [14].

Post-mortem analyses showed a positive correlation between iron deposition and age as well as
the different iron contents in different brain regions [148]. Iron staining in older individuals (60–90 years
of age) showed a larger content of iron in the microglia and astrocytes of the cortex, hippocampus,
cerebellum, basal ganglia, and amygdala [149,150].

Increase in iron concentration, in the form of H- and L-ferritin, occurs in the substantia nigra [114]
with many extraneuronal iron deposits in individuals over 80 years of age, especially in oligodendrocytes.
Neuronal deposits in the substantia nigra are found in the neurons that do not contain neuromelanin [151].
Modern non-invasive methods, such as magnetic resonance imaging (MRI), revealed an age-related
increase in the non-heme iron concentration in the nucleus caudatus, putamen and globus pallidus [152,153].

The mechanism of increase in iron concentration in certain brain regions is not completely clear.
One of the proposed mechanisms is altered vascularization. It is observed during aging and in
neurodegenerative diseases [154]. Region-specific increase of total iron could be probably triggered
by inflammation [155], increased BBB permeability [156], redistribution of iron within the brain,
and changes in the iron homeostasis [13]. The increase in iron concentration inside the CNS cells
might directly damage these cells or affect the cellular environment, making it more susceptible to
toxins and activation of pathogenic processes [151]. Besides, during brain aging, iron is partially
converted from its stable and soluble form (ferritin) into hemosiderin and other oxyhydroxides that
contain iron at higher reactivity [157], inducing the neuronal vulnerability to oxidative stress [158].
An additional feature of brain aging that contributes to the development of oxidative stress is an
increase in the levels of monoamine oxidase (MAO). This enzyme catalyzes the oxidative deamination
of neurotransmitters, in which hydrogen peroxide (H2O2) and aldehydes as highly toxic by-products
are subsequently generated [159]. Since those by-products are inductors of lipid peroxidation, it is
assumed that activation of MAO is associated with age-related disturbances of the homeostasis and
generation of free radicals in the nervous tissue [160].

5. Sex-Related Differences in Iron Homeostasis during Healthy Aging and in Neurological Disorders

Increasing experimental and clinical evidence concerning iron metabolism support the idea that
healthy aging processes, as well as neurological disorders, differ between women and men, suggesting
the existence of different underlying mechanisms involved in the iron homeostasis and the pathogenesis
of diseases (Figure 3) [16–22,161]. Age and sex are important co-factors to consider when establishing
the differences between the pathological neurodegeneration from healthy aging.

As for healthy aging, a sex-specific negative association was found between dietary iron intake
and cellular aging markers. Iron intake showed deleterious effects on the peripheral blood leukocyte
telomere length in women and on the number of mitochondrial DNA copies in men [162].

These effects of iron imbalance on genomic stability and cellular aging markers must be considered
during dietary iron intake and iron supplementation [162]. In addition, brain iron concentration differs
between older men and women, showing that women have lower total subcortical brain iron levels
after expected menopause onset [17]. These findings indicate that age-related changes in estrogen
levels may be a mediating factor of such associations.

However, the overall data that involve sex-related differences in iron dyshomeostasis and
concomitant brain disorders are still limited and mainly concentrated on estrogen functions. Thus,
we are far away from the actual understanding of what underlies these differences in iron metabolism
during aging processes and therefore need further assessment.
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Figure 3. The summary of features that involve iron impact on increased susceptibility to certain
neurological disorders or increased progression of already present disorders in males and females
during aging. The summary includes data from the references in this review. Abbreviations:
CNS—central nervous system, Fe—ferrum, FPN1—ferroportin-1, DMT1—divalent metal transporter-1,
HFE H63D—hemochromatosis H63D, TfC2—transferrin C2.

5.1. Iron and Multiple Sclerosis

Investigations in animal model of MS, experimental autoimmune encephalomyelitis (EAE),
showed worsening of clinical course in iron overloaded animals, which had an iron accumulation
in CNS (brain and spinal cord) [16]. Although female IO rats developed symptoms earlier, male
IO rats showed more severe clinical course and higher mortality rate, indicating the existence of
sex-dependent mechanisms [163]. During the acute phase of EAE, female IO rats sequestered more
iron in the liver and produced more ferritin than male EAE rats. Male rats, however, reacted on IO by
higher production of oxidative stress markers, malondialdehyde and 4-hydroxynonenal, in the neural
tissues and showed greater signs of plaque formation and gliosis in the spinal cord [16]. The data point
to sexual dimorphism in mechanisms that regulate peripheral and brain iron homeostasis and imply
that men and women during MS might be differentially vulnerable to exogenous IO.
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In patients with MS, iron content is elevated in deep grey matter structures and in the vicinity
of lesions and reduced in the white matter [164]. Iron content is low in remyelinated plaques [164],
suggesting that dynamic shuttling of iron continues through the MS disease process. This reveals that
the iron dysregulation associated with MS is, in fact, a redistribution of iron between different areas of
the brain [165]. Furthermore, quantitative MRI technique, i.e., quantitative susceptibility mapping
suggests that altered deep grey matter iron is associated with the evolution of MS and on disability
accrual, independent of tissue atrophy [166]. Excess iron enhances the generation of ROS, leading to
myelin and neuron loss followed by demyelination and neurodegeneration [140].

Contrary to the belief that iron is harmful and invariably causes oxidative damage, it may
paradoxically represent the key component of the entire antioxidant protection system of the
oligodendrocyte. Namely, oligodendrocytes need iron for the extremely high energy requirements
of producing and maintaining the complex myelin sheath [167], indicating that ID could seriously
compromise the viability of these cells. Iron is also an important element for the maturation of
oligodendrocyte progenitor cells (OPCs) into oligodendrocytes [168,169]. During remyelination,
the OPCs are recruited to the MS lesions and differentiated into mature oligodendrocytes, which can
further remyelinate the damaged axons. Considering the requirement for iron-containing enzymes
in all these processes, iron levels in oligodendrocytes have an important influence on remyelination
and neuronal repair. In the situation of reduced iron availability and iron-deficient oligodendrocytes,
whether through global ID [170], impaired iron trafficking [171] or its export from astrocytes [11,172],
it leads to reduced OPCs proliferation, disturbances in oligodendrocyte differentiation and following
remyelination. Furthermore, OPCs are very sensitive to oxidation and the depletion of antioxidants
such as glutathione, even more than mature oligodendrocytes [140]. This implies that these cells need
antioxidant protection during patient relapses when there is an increased concentration of inflammatory
mediators and ROS. Namely, iron is required for the production of ATP, which is essential for the
synthesis of NADPH. NADPH is the reducing power of the cell [173] needed for the synthesis of
lipids such as cholesterol, which are produced by oligodendrocytes for their membranes [173,174].
Heme cofactors in cytochrome P450 enzymes catalyze the essential hydroxylation reactions in the
synthesis of cholesterol.

Furthermore, the hydroxylations that produce active vitamin D (1,25(OH)2 D3) from cholesterol
are carried out by a cytochrome P450 enzyme called CYP27B1 [175]. Oligodendrocytes express vitamin
D3 receptors and respond to 1,25(OH)2 D3 [176]. Thus, the relevant cytochrome P450 enzyme with
a heme group is synthesized only in the presence of sufficient iron. It is already well known that
sufficient vitamin D is protective against MS [177] and is associated with improved clinical and MRI
outcomes [178]. In addition, Vitamin D has been shown to decrease hepcidin, which inversely regulates
serum iron level, and the optimal function of hepcidin may be predicated upon the adequate presence
of vitamin D in the blood [179].

Recent data showed that elderly males suffer from a serious vitamin D deficiency compared
to elderly females. Nevertheless, old age is an independent risk factor for vitamin D deficiency, so
together with ID could worsen the MS progression [180]. A possible reason could be the connection of
ID with the age-related changes associated with chronic inflammatory states [11].

The link between ID and obesity may also be of relevance in MS, since obesity may be a risk
factor for MS [181]. Obesity is often present in elderly people, and ID in obese has been ascribed to
chronic, low-grade inflammation [182]. There is sufficient evidence linking ID, even moderate one,
with adverse health effects to justify the use of iron therapy. Therapy should be performed with caution
to prevent the risk of high body iron stores and its detrimental effects on the brain [23].

Females exhibit lower levels of serum iron [183] and lower levels of brain iron compared to men
from midlife to old age [184]. Pre-menstrual blood loss reduces serum iron levels in women and may
contribute to sex differences in brain iron accumulation [185]. Namely, histological data suggest that
lower serum iron levels may influence brain iron levels since anemia was found to reduce brain iron in
people postmortem [186]. Men have shown higher iron concentrations in the cortical white matter
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and subcortical nuclei according to MRI images [183,185,187]. Changing of the sex steroids levels in
post-menopause [188] may influence sex-related variations of brain iron levels as well [17]. However, a
lack of sex-related differences in brain iron levels have also been reported [153].

On the other hand, although elderly patients with late onset of MS (LOMS) represent a growing
minority of all patients with the diagnosis of MS, the LOMS (aged >65 years) has a worse prognosis,
which is still subject to debate [189]. However, it could be associated with the facts that brain iron
levels increase with age in healthy individuals [190] and that serum iron level is lowering at the same
time [23]. Namely, it can be hypothesized that a shift of iron from the blood compartment to the brain
compartment occurred due to iron dysregulation because of aging and leading to iron deposition due
to excess iron in the brain. If the iron does play a role in the etiology of MS, it could be possible that
some patients may need supplementation, and others’ attenuation of iron intake depending on their
genetic background, making the individualized treatment approach for subgroups of MS.

Another reason for taking into consideration the iron supplementation is the fact that MS patients
eat a more limited diet, with a lower average of 31 nutrients, including zinc, thiamin, and iron, when
compared with healthy controls. In a study by Armon-Omer et al., 2019 blood tests showed that MS
patients had significantly lower iron levels, with the lowest measures in the severe MS group [191].
In conclusion, it is possible that inadequate iron levels (both low and high) may be harmful in MS. Iron
excess might increase free radicals, which may elevate oxidative stress, while iron reduction could
decrease immune system function and cause an energy deficit due to loss of mitochondrial membrane
potential [11]. In addition, Armon-Omer and coworkers found lower dietary copper intake in the MS
group, which is an essential cofactor for many oxidative enzymes and is necessary for iron absorption
and transfer [191].

Some studies suggest that ID may play a role in MS disease progression as MS patients display
clinical improvement upon iron supplementation. However, other studies indicate improved disease
outcome in iron-limited MS patients [11]. These contradictory results may be due to differences in
nutritional, biochemical and sex-related factors between subjects, requiring further investigation.

5.2. Iron and Stroke

Both iron deficiency and excess have been associated with stroke risk. Previous studies have
found that both increase the risk of venous thromboembolism and carotid atherosclerosis [192]. Higher
iron status is protective against some forms of the atherosclerotic disease but increases the risk of
thrombosis related to stasis and is associated with increased stroke risk, in particular, cardioembolic
stroke [15]. Further investigation is required to determine the precise mechanism of these effects.
As previously reported, iron is a prooxidant cofactor associated with increased production of ROS.
In the animal model, a moderate IO markedly accelerated thrombus formation, impaired vasoreactivity,
and enhanced the production of ROS and systemic markers of oxidative stress [193]. Furthermore,
the administration of ROS scavenger completely abrogates the iron load-induced thrombus formation,
thus confirming that the iron accelerates thrombosis through a prooxidant mechanism [194].

Over the last few years, the association of ID and thrombophilia has also been increasingly studied.
Various kinds of thrombotic diseases including central retinal vein occlusion, cerebral venous sinus
thrombosis and carotid artery thrombus were observed to be associated with an ID. In addition,
numbers of cases of embolic and ischemic stroke have been reported to be associated with the ID [195].

An increased plasma Tf level is often seen in patients suffering from ID anemia [196]. Beside
the role of binding and transporting the plasma iron, Tf is also an important clotting regulator and
an adjuster in the maintenance of coagulation balance, which modifies the coagulation cascade.
In atherosclerosis, abnormally upregulated Tf interact with and potentiate thrombin/FXIIa and blocks
antithrombin’s inactivation effect on coagulation proteases by binding to antithrombin, thus inducing
hypercoagulability [197]. Furthermore, elevated Tf found in plasma or CSF of patients with ischemic
stroke, ID anemia and venous thromboembolism interacts with clotting factors, suggesting that elevated
Tf causes thromboembolic diseases [195]. Another consequence of ID that would be highly relevant
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to stroke pathogenesis is enhanced platelet aggregation. The platelet aggregation is enhanced as a
response to serotonin (5 hydroxytryptophan, 5HT) in ID patients [198,199] because ID impairs the
activity of the iron-containing platelet monoamine oxidase that metabolizes 5HT [200].

Gender plays an important role in the incidence of stroke. The overall incidence of stroke in men
is estimated to be 33% higher than in women throughout most of the adulthood [201]. Findings from
the prospective study in men from Kaluza et al., 2013 indicate that a high heme iron intake, particularly
in normal-weight individuals, may increase the risk of stroke [202].

The epidemiology of stroke changes as women age and coincide with the loss of estrogen after
menopause [18]. Furthermore, elderly women have more severe strokes, poorer recovery, and greater
long-term disability [203], compared with men of the same age.

Estrogen is an immunomodulatory and neuroprotective agent with a suppressive action on
inflammation [204]. It is known that postmenopausal women have higher levels of circulating
TNF-α [205], which is involved in many neurodegenerative diseases [206].

Research evidence showed that TNF is beneficial in injury repair, but high levels of TNF can be
neurotoxic [207]. Physiological levels of estrogen appear to attenuate TNF expression [208] while
estrogen deficiency (as in postmenopausal period) represents a loss of this attenuation with a subsequent
increase in TNF expression [18]. An increase of inflammatory agents in postmenopausal period could
be associated with the higher hepcidin production and subsequent decrease in iron absorption, which
could be an additional potential risk factor for ischemic stroke in women [205,209].

On the other hand, in the study from Miller [210], hormone replacement therapy was associated
with lower iron stores in post-reproductive women in the absence of uterine blood loss, indicating
potential homeostatic hormonal control of the iron status. Namely, higher serum iron in post-menopause
has traditionally been attributed to reduced menstrual bleeding and lack of iron loss that women
experience with menopause, in addition to estrogen deficiency [210]. With findings from studies on
the levels of ferritin and sex hormones, it can be concluded that as women age, their serum levels
of estrogen decrease, while serum ferritin levels increase [211]. This is probably due to an increase
in the iron regulatory hormone hepcidin since elevated levels of estrogen usually reduce hepcidin
synthesis [209], which regulates ferritin. Before the onset of menopause hepcidin levels in women are
nearly 50% lower than in males of corresponding ages. After the menopause, hepcidin levels tend to be
similar in both sexes [212,213] or slightly increased in men [214]. These results demonstrate a negative
correlation between ferritin and estrogen levels during the menopausal transition period [215]. On the
other hand, a synchronized pattern of changes in ferritin and testosterone levels was observed in men.
Namely, as the men age, ferritin levels decrease gradually following »andropause« [216]. These results
indicate that iron accumulation was a common process in aging women (but without the IO), which
may account for the observed differences between genders in the incidence of the aging disorder,
including the stroke [217].

Among older men with low testosterone levels, testosterone treatment can increase the serum iron
levels and correct ID anemia [218]. Also, data are showing significant overlap between the testosterone
administration and IO [219].

Furthermore, as the body is unable to eliminate excess iron, a negative feedback mechanism that
allows iron to inhibit testosterone production to maintain body iron homeostasis is proposed [219].
The body iron stores can be regulated by testosterone, and vice versa, the testosterone may be
reciprocally regulated by iron. Crosstalk between testosterone and iron has significant implications in
testosterone deficiency and therapy. Additionally, the regulation of testosterone by iron may indicate a
significant role of iron in the development of the hypogonadotropic hypogonadism in aging and chronic
disease in men [219–221]. In a study from Jeppesen et al., 1996 both total and free testosterone were
significantly inversely associated with stroke severity, and total testosterone was significantly inversely
associated with infarct size [222]. Furthermore, a study from Zeller et al., 2018 suggested that low
testosterone levels are associated with increased risk of future ischemic stroke in men [19]. The possible
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explanation lies in an increased level of hepcidin, which is inversely regulated by testosterone [223]
and leads to ID anemia with greater susceptibility to stroke.

These data also suggest another mechanism regarding stroke pathogenesis, which includes
initially increased serum iron level that negatively regulates testosterone level in men and promotes
susceptibility to stroke. However, low testosterone level is probably not an independent risk factor for
stroke, especially in older men. Low testosterone level is more likely to be found in overweight or
obese, which is significantly associated with cardiovascular risk factors, such as diabetes, high blood
pressure and high cholesterol. Namely, adipose tissue is able to control several functions of the testis
through its products secreted in the bloodstream (e.g., leptin, adipocytokines), which have a negative
impact on Leydig cell’s function and testosterone secretion [224].

On the other hand, testosterone exerts a significant inhibitory effect on adipose tissue formation
and the expression of various adipocytokines, such as leptin, TNF-α, IL-6, and IL-1, whereas a low
testosterone level correlates with increased expression of markers of inflammation [225]. Furthermore,
low chronic inflammation due to the excess adipose tissue upregulates hepcidin, which lowers the
iron serum levels and its absorption [163,226], so eventually serum iron levels will decrease and
subsequently lead to ID, present at the same time with the low testosterone level.

5.3. Iron and Parkinson’s Disease

Dopaminergic neurons in the substantia nigra are highly vulnerable to stress conditions, compared
to other neuronal types. Different factors seem to contribute to oxidative stress in PD, including IO,
neuroinflammation and aging [14,206,227].

Several researches have documented an increase in total iron concentration in the substantia nigra
in the most severe cases of PD, but no changes were found in milder cases [228,229]. Increased iron
concentrations in the substantia nigra might result from mutations in genes important for iron transport
and binding [230] or from peripheral iron influx through a damaged and discontinued BBB via the
Permeability-glycoprotein [165]. Furthermore, the ability of the lysosome to participate in autophagy
becomes slower with age, resulting in an increase of non-protein »garbage« within the cells, especially
in age-related diseases like PD [227].

Accumulated iron increases protein aggregation via enhanced generation of ROS and oxidative
stress [231]. As already mentioned, iron accumulation in the substantia nigra in PD patients was
confirmed, but the studies on alteration of iron levels in blood and CFS reported inconsistent results.
Blood levels of iron did not differ significantly between PD patients and the controls, but CSF iron
levels tended to be lower in PD patients compared to the controls [232].

Increasing experimental and clinical evidence supports the idea that PD differs between women and
men [21]. Although males exhibit greater susceptibility, most studies concentrate on the neuroprotective
effects of estrogens in females. It was shown that men and women experience the disease differently,
suggesting different mechanisms involved in the pathogenesis of the disease [21].

Although the sexual dimorphism in brain mitochondria has been proven [20], there are few recent
studies that have dealt with other possible causes of sex-related differences. A recent neuromelanin
imaging study found a larger neuromelanin-rich volume in the women substantia nigra compared
with men older than 47 years, suggesting that this difference may be the underlying cause of the high
male-to-female ratio of the PD prevalence [233]. Furthermore, experimental and epidemiological
evidence suggest that estrogens play a regulatory role in brain iron metabolism [223,234]. The striatum
of male mice showed greater susceptibility to iron accumulation than female [235]. A study conducted
on humans showed that at the same serum iron concentrations, women had a lower probability of
having PD [236]. Recently, several different pathways related to estrogen effects on iron metabolism in
both sexes were found. GPER1 (G Protein-Coupled Estrogen Receptor 1) mediates the suppressive
effects of estrogen on IO-induced autophagy in males, while estrogen receptor suppresses induced lipid
peroxidation in females [237]. Furthermore, the results from the study of Xu and coworkers, showed
that estrogen regulates differently the iron metabolism in astrocytes and neurons, i.e., increases the
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expression of iron exporter FPN1 and iron importer DMT1 by inducing HIF-1α in astrocytes, whereas
decreased expression of IRP-1 may account for the decreased DMT1 and increased FPN1 expression in
neurons [238].

Nutrition plays an important role in both neuroprotection and neurodegeneration, although there
are many conflicting results. A recent epidemiological study found that intake of meat was inversely
associated with PD risk in women [239]. Usually, the higher incidence of mortality, cardiovascular
diseases, and diabetes is associated with higher meat consumption [240,241]. Furthermore, a positive
correlation between red meat consumption and PD may be explained by the heme content that increases
intracellular iron concentrations and subsequent ROS production, contributing to iron deposits and
cell damage. In this context, iron intake from dietary nutrients may be related to a higher risk for
PD [242]. However, blood donations, which can decrease systemic iron stores, do not lower the risk of
PD [243]. On the other hand, conflicting results from Miyake et al., 2011 study showed that higher
intake of iron could be associated with neuroprotection in PD [244].

In contrast to higher iron level content in the body, certain authors disagree about the implication
of ID on the pathogenesis of PD [165]. ID anemia and low Hb have also been associated with PD i.e.,
with increased risk and disease severity [245]. Furthermore, it has been documented that PD patients
exhibit lower ferritin, TIBC, and serum iron levels [245]. A positive correlation between anemia and
PD was found in a recent large study of 86,334 newly diagnosed anemic patients. The study suggested
that de novo anemic patients may develop PD 4 or more years after the initial diagnosis of anemia [246]
and a higher risk for PD was independent of iron supplementation [247].

On the other hand, the meta-analysis from Mariani et al., 2013 showed that there is no difference
in iron between PD patients and healthy controls [248].

Possible reasons for these discrepancies may be that the total amount and the serum iron in
patients with PD did not change, but the distribution of iron changed [249], i.e., iron aggregated in
the substantia nigra. Besides, this heterogeneity can manifest as highly variable iron metabolism due
to sex-specific differences [250], which could lead to inconsistent results. However, epidemiological
studies have not identified any sex-specific factors in the risk of developing PD among anemic patients.

We must take into account that besides the dysregulated iron metabolism, the presence of anemia
in PD could also be an indicator of poor absorption of other nutrients [251].

5.4. Iron and Alzheimer’s Disease

Alzheimer’s disease is the most common cause of dementia characterized by short term memory
loss and a progressive decline in cognitive and motor functions [165]. In neurodegenerative diseases
including AD, where age is the major risk factor, iron dyshomeostasis coincides with neuroinflammation,
abnormal protein aggregation, neurodegeneration, and neurobehavioral deficits. Disruption of iron
homeostasis in the brain, both deficiency and overload, can affect neurophysiological mechanisms,
cognition, and social behavior, which eventually contributes to the development of a diverse set of
neuro-pathologies. Using MRI, it was found that the iron content in the brains of AD patients was
significantly increased [252].

Whether the iron accumulation present in neurodegenerative diseases is a primary event or a
secondary effect of the disease is unclear. However, it is for sure that aging is the major risk factor for
age-related iron accumulation and neurodegeneration [13]. Iron seems to promote both deposition
of amyloid-β protein and oxidative stress, which is associated with the plaques [7,253]. In contrast,
some argued that, by binding iron, Aβ-protein might protect the surrounding neurons from oxidative
stress [254].

Decreased antioxidant defenses and mitochondrial dysfunction present in elderly can allow the
release of excessive iron [255]. This can cause pathological IO, resulting in cellular damage that is
considered to be a contributing factor in neurodegenerative diseases more prevalent with aging, such
as AD [165]. The results from recent studies showed that elevated ferritin in CSF was associated with
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poor cognitive function and probably can be used as a biomarker to measure the progression of mild
cognitive impairment and early AD [256,257].

Brain iron increases with age and is abnormally elevated early in the disease [258]. Higher brain
iron levels were associated with male gender and the presence of allelic variants in genes encoding
for iron metabolism proteins (hemochromatosis H63D (HFE H63D) and transferrin C2 (TfC2)). This
genotype effect was not observed in women, who had lower iron content in the brain than men [22,258].
The results showed worse verbal-memory performance associated with higher hippocampal iron
deposition in men but not in women, independent of gene status. Furthermore, independent of gender,
worse verbal working memory performance was associated with higher basal ganglia iron in the
non-carrier for HFE H63D/TfC2 gene variant but not in the carrier. These results suggest that in healthy
older individuals, increased deposits of iron in vulnerable gray matter regions may negatively impact
memory functions and could represent a risk factor for faster cognitive decline [22].

Furthermore, it was shown in many in vivo and in vitro studies that iron metabolism is integrally
involved in the regulation of glutamate metabolism and vice versa. The results from Burger et al.,
2020, showed association between iron metabolism and glutamate concentration in female, suggesting
stronger regulatory control between iron and glutamate metabolism than in men [259].

Aging is associated with a gradual decline in sex hormone levels in men and women, together
with a deterioration in general health, mood, and cognitive abilities [260,261]. Sex hormones are
also protective in keeping amyloid down, while depleted estrogen and testosterone levels result in a
massive rise in this toxic protein in the brain [260,262].

Estrogens are considered as potent neuroprotectants and the best-studied in vitro and in vivo
class of drugs for potential use in the prevention of AD [260]. In cell-free systems, estrogens inhibit
iron-induced lipid peroxidation [263,264]. However, this effect was not found with testosterone [264].

In elderly, anemia or abnormal Hb concentrations are associated with higher morbidity and
mortality, and with an increased risk for dementia and rapid cognitive decline [265].

The studies in elderly populations have confirmed that anemia and lower serum Hb were
associated with a twofold increased risk for developing AD over approximately 3 years [266,267].
The findings from Carlson, et al. 2008 suggest a role of neonatal ID in dysregulation of genes that may
set the stage for long-term AD and that this may occur through a histone modification mechanism [268].

It is important to have in mind that iron supplementation improves attention and concentration
irrespective of baseline iron status [269]. However, as said before, excess of iron mediates the oxidative
stress and causes neuronal disorders and neurodegeneration. In addition, it is thought that imbalance
in iron homeostasis is a precursor to AD as well, thus it is strongly suggested that older people should
be careful with diets excessive in iron.

6. Conclusions

Older age is associated with increased risk of ID, elevated body iron stores and increased brain iron
levels [23]. Inadequate iron supply, which often accompanies aging, leads to cerebral hypoxia [138],
insufficient neurotransmitter synthesis [13], impaired myelination [139], and consequently to poorer
cognition, cognitive decline, and dementia [141]. On the other hand, brain iron accumulation is
considered as a hallmark of aging [146] and it is associated with the progressive imbalance between
antioxidant defenses and intracellular generation of ROS [147]. This increases susceptibility of
aged brain to diseases and thus makes aging a major risk factor for neurodegenerative diseases
development [14]. Therefore, it would be very important for the future research to determine the exact
cellular and molecular mechanisms related to perturbations in iron metabolism in the aging brain to
distinguish between physiological and pathological aging and find possible therapeutic targets for
neurodegenerative diseases.

To counteract the ID during aging, one should certainly consider iron supplements recommended
by a physician to correct the anemic state.
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However, it should be noted how this supplementation may not be warranted for healthy elderly
people consuming a balanced diet. In contrary, it could be detrimental for those who are homozygous
or heterozygous for the HFE mutations, since recent studies showed that even moderate increases
in body iron may increase the risk for body disorders including neurological ones [270], or cause
irreparable damage to the brain neurons [137,271]. Because of that, older people should be careful
consuming a high-iron content diet as well.

The major unknown is still the sex-related differences in iron metabolism that come with aging.
Increasing experimental and clinical evidence support the idea that neurological disorders differ
between women and men, suggesting the existence of different underlying mechanisms involved in
their pathogenesis [16–22]. However, we are still far away from the actual understanding of what
underlies these differences. We need a better understanding of the underlying mechanisms of how sex
hormones can influence the iron metabolism and further, the development of neurological disorders.
New insights into aging processes, which include the impact of sex hormones on iron metabolism as
well, could enlighten the understanding of these differences during aging.
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Radošević-Stašić, B.; Barac-Latas, V. Chronic Iron Overload Induces Gender-Dependent Changes in Iron
Homeostasis, Lipid Peroxidation and Clinical Course of Experimental Autoimmune Encephalomyelitis.
Neurotoxicology 2016, 27, 1–12. [CrossRef]

17. Persson, N.; Wu, J.; Zhang, Q.; Liu, T.; Shen, J.; Bao, R.; Ni, M.; Liu, T.; Wang, Y.; Spincemaille, P. Age and Sex
Related Differences in Subcortical Brain Iron Concentrations Among Healthy Adults. Neuroimage 2015, 122,
385–398. [CrossRef]

18. Koellhoffer, E.C.; McCullough, L.D. The Effects of Estrogen in Ischemic Stroke. Transl. Stroke Res. 2013, 4,
390–401. [CrossRef]

19. Zeller, T.; Schnabel, R.B.; Appelbaum, S.; Ojeda, F.; Berisha, F.; Schulte-Steinberg, B.; Brueckmann, B.E.;
Kuulasmaa, K.; Jousilahti, P.; Blankenberg, S.; et al. Low Testosterone Levels Are Predictive for Incident
Atrial Fibrillation and Ischaemic Stroke in Men, but Protective in Women—Results from the FINRISK Study.
Eur. J. Prev. Cardiol. 2018, 25, 1133–1139. [CrossRef]

20. Khalifa, A.R.M.; Abdel-Rahman, E.A.; Mahmoud, A.M.; Ali, M.H.; Noureldin, M.; Saber, S.H.; Mohsen, M.;
Ali, S.S. Sex-Specific Differences in Mitochondria Biogenesis, Morphology, Respiratory Function, and ROS
Homeostasis in Young Mouse Heart and Brain. Physiol. Rep. 2017, 5, e13125. [CrossRef]

21. Jurado-Coronel, J.C.; Cabezas, R.; Rodríguez, M.F.A.; Echeverria, V.; García-Segura, L.M.; Barreto, G.E. Sex
Differences in Parkinson’s Disease: Features on Clinical Symptoms, Treatment Outcome, Sexual Hormones
and Genetics. Front. Neuroendocrinol. 2018, 50, 18–30. [CrossRef] [PubMed]

22. Bartzokis, G.; Lu, P.H.; Tingus, K.; Peters, D.G.; Amar, C.P.; Tishler, T.A.; Finn, J.P.; Villablanca, P.; Altshuler, L.L.;
Mintz, J. Gender and Iron Genes may Modify Associations Between Brain Iron and Memory in Healthy
Aging. Neuropsychopharmacology 2011, 36, 1375–1384. [CrossRef] [PubMed]

23. Fairweather-Tait, S.J.; Wawer, A.A.; Gillings, R.; Jennings, A.; Myint, P.K. Iron Status in the Elderly.
Mech. Ageing Dev. 2014, 136, 22–28. [CrossRef] [PubMed]

24. Belaidi, A.A.; Bush, A.I. Iron Neurochemistry in Alzheimer’s Disease and Parkinson’s Disease: Targets for
Therapeutics. J. Neurochem. 2016, 139, 179–197. [CrossRef]

25. Camaschella, C.; Nai, A.; Silvestri, L. Iron Metabolism and Iron Disorders Revisited in the Hepcidin Era.
Haematologica 2020, 105, 260–272. [CrossRef]

26. Miret, S.; Simpson, R.J.; McKie, A.T. Physiology and Molecular Biology of Dietary Iron Absorption.
Annu. Rev. Nutr. 2003, 23, 283–301. [CrossRef]

27. Fuqua, B.K.; Vulpe, C.D.; Anderson, G.J. Intestinal Iron Absorption. J. Trace Elem. Med. Biol. 2012, 26, 115–119.
[CrossRef]

28. Lane, D.J.R.; Richardson, D.R. The Active Role of Vitamin C in Mammalian Iron Metabolism: Much More
than just Enhanced Iron Absorption! Free Radic. Biol. Med. 2014, 75, 69–83. [CrossRef]

29. McKie, A.T.; Barrow, D.; Latunde-Dada, G.O.; Rolfs, A.; Sager, G.; Mudaly, M.; Richardson, C.; Barlow, D.;
Bomford, A.; Peters, T.J.; et al. An Iron-Regulated Ferric Reductase Associated with the Absorption of Dietary
Iron. Science 2001, 291, 1755–1759. [CrossRef]

30. Ems, T.; St Lucia, K.; Huecker, M.R. Biochemistry, Iron Absorption. In: StatPearls [Internet]. (Updated
30 April 2020). Available online: http://www.ncbi.nlm.nih.gov/books/NBK448204/ (accessed on 15 May 2020).

31. Fleming, R.E.; Bacon, B.R. Orchestration of Iron Homeostasis. N. Engl. J. Med. 2005, 352, 1741–1744.
[CrossRef]

32. Duck, K.A.; Connor, J.R. Iron Uptake and Transport Across Physiological Barriers. Biometals 2016, 29, 573–591.
[CrossRef] [PubMed]

33. Abboud, S.; Haile, D.J. A Novel Mammalian Iron-Regulated Protein Involved in Intracellular Iron Metabolism.
J. Biol. Chem. 2000, 275, 19906–19912. [CrossRef]

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

35. Donovan, A.; Lima, C.A.; Pinkus, J.L.; Pinkus, G.S.; Zon, L.I.; Robine, S.; Andrews, N.C. The Iron Exporter
Ferroportin/Slc40a1 Is Essential for Iron Homeostasis. Cell Metab. 2005, 1, 191–200. [CrossRef] [PubMed]

36. De Domenico, I.; Ward, D.M.; Bonaccorsi di Patti, M.C.; Jeong, S.Y.; David, S.; Musci, G.; Kaplan, J. Ferroxidase
Activity Is Required for the Stability of Cell Surface Ferroportin in Cells Expressing GPI-ceruloplasmin.
EMBO J. 2007, 26, 2823–2831. [CrossRef]

http://dx.doi.org/10.1016/j.neuro.2016.08.014
http://dx.doi.org/10.1016/j.neuroimage.2015.07.050
http://dx.doi.org/10.1007/s12975-012-0230-5
http://dx.doi.org/10.1177/2047487318778346
http://dx.doi.org/10.14814/phy2.13125
http://dx.doi.org/10.1016/j.yfrne.2017.09.002
http://www.ncbi.nlm.nih.gov/pubmed/28974386
http://dx.doi.org/10.1038/npp.2011.22
http://www.ncbi.nlm.nih.gov/pubmed/21389980
http://dx.doi.org/10.1016/j.mad.2013.11.005
http://www.ncbi.nlm.nih.gov/pubmed/24275120
http://dx.doi.org/10.1111/jnc.13425
http://dx.doi.org/10.3324/haematol.2019.232124
http://dx.doi.org/10.1146/annurev.nutr.23.011702.073139
http://dx.doi.org/10.1016/j.jtemb.2012.03.015
http://dx.doi.org/10.1016/j.freeradbiomed.2014.07.007
http://dx.doi.org/10.1126/science.1057206
http://www.ncbi.nlm.nih.gov/books/NBK448204/
http://dx.doi.org/10.1056/NEJMp048363
http://dx.doi.org/10.1007/s10534-016-9952-2
http://www.ncbi.nlm.nih.gov/pubmed/27457588
http://dx.doi.org/10.1074/jbc.M000713200
http://dx.doi.org/10.1016/j.tibs.2015.11.012
http://www.ncbi.nlm.nih.gov/pubmed/26725301
http://dx.doi.org/10.1016/j.cmet.2005.01.003
http://www.ncbi.nlm.nih.gov/pubmed/16054062
http://dx.doi.org/10.1038/sj.emboj.7601735


Nutrients 2020, 12, 2601 19 of 29

37. Vulpe, C.D.; Kuo, Y.M.; Murphy, T.L.; Cowley, L.; Askwith, C.; Libina, N.; Gitschier, J.; Anderson, G.J.
Hephaestin, a Ceruloplasmin Homologue Implicated in Intestinal Iron Transport, Is Defective in the SLA
Mouse. Nat. Genet. 1999, 21, 195–199. [CrossRef]

38. Coffey, R.; Ganz, T. Iron Homeostasis: An Anthropocentric Perspective. J. Biol. Chem. 2017, 292, 12727–12734.
[CrossRef]

39. Gunshin, H.; Fujiwara, Y.; Custodio, A.O.; Direnzo, C.; Robine, S.; Andrews, N.C. Slc11a2 Is Required for
Intestinal Iron Absorption and Erythropoiesis but Dispensable in Placenta and Liver. J. Clin. Investig. 2005,
115, 1258–1266. [CrossRef]

40. Liuzzi, J.P.; Aydemir, F.; Nam, H.; Knutson, M.D.; Cousins, R.J. Zip14 (Slc39a14) Mediates Non-Transferrin-Bound
Iron Uptake into Cells. Proc. Natl. Acad. Sci. USA 2006, 103, 13612–13617. [CrossRef]

41. Krishnamurthy, P.; Xie, T.; Schuetz, J.D. The Role of Transporters in Cellular Heme and Porphyrin Homeostasis.
Pharmacol. Ther. 2007, 114, 345–358. [CrossRef]

42. Le Blanc, S.; Garrick, M.D.; Arredondo, M. Heme Carrier Protein 1 Transports Heme and Is Involved in
Heme-Fe Metabolism. Am. J. Physiol. Cell Physiol. 2012, 302, C1780–C1785. [CrossRef] [PubMed]

43. Muckenthaler, M.U.; Rivella, S.; Hentze, M.W.; Galy, B. A Red Carpet for Iron Metabolism. Cell 2017, 168,
344–361. [CrossRef] [PubMed]

44. Crichton, R.R.; Danielsson, B.G.; Geisser, P. Iron Therapy with Special Emphasis on Intravenous Administration,
4th ed.; Crichton, R.R., Danielsson, B.G., Geisser, P., Eds.; UNI-MED Verlag AG: Bremen, Germany, 2008;
pp. 14–24.

45. Peyrin-Biroulet, L.; Williet, N.; Cacoub, P. Guidelines on the Diagnosis and Treatment of Iron Deficiency
Across Indications: A Systematic Review. Am. J. Clin. Nutr. 2015, 102, 1585–1594. [CrossRef] [PubMed]

46. Kawabata, H. Transferrin and Transferrin Receptors Update. Free Radic. Biol. Med. 2019, 133, 46–54.
[CrossRef]

47. Lambert, L.A.; Mitchell, S.L. Molecular Evolution of the Transferrin Receptor/Glu-tamate Carboxypeptidase
II Family. J. Mol. Evol. 2007, 64, 113–128. [CrossRef] [PubMed]

48. Ohgami, R.S.; Campagna, D.R.; Greer, E.L.; Antiochos, B.; McDonald, A.; Chen, J.; Sharp, J.J.; Fujiwara, Y.;
Barker, J.E.; Fleming, M.D. Identification of a Ferrireductase Required for Efficien Ttransferrin-Dependent
Iron Uptake in Erythroid Cells. Nat. Genet. 2005, 37, 1264–1269. [CrossRef]

49. Rishi, G.; Subramaniam, V.N. The Liver in Regulation of Iron Homeostasis. Am. J. Physiol. Gastrointest.
Liver Physiol. 2017, 313, G157–G165. [CrossRef]

50. Xu, M.M.; Wang, J.; Xie, J.X. Regulation of Iron Metabolism by Hypoxia-Inducible Factors. Sheng Li Xue Bao
2017, 69, 598–610.

51. Rouault, T.A. The Role of Iron Regulatory Proteins in Mammalian Iron Homeostasis and Disease.
Nat. Chem. Biol. 2006, 2, 406–414. [CrossRef]

52. Yikilmaz, E.; Rouault, T.A.; Schuck, P. Self-Association and Ligand-Induced Conformational Changes of Iron
Regulatory Proteins 1 and 2. Biochemistry 2005, 44, 8470–8478. [CrossRef]

53. Iwai, K.; Drake, S.K.; Wehr, N.B.; Weissman, A.M.; LaVaute, T.; Minato, N.; Klausner, R.D.; Levine, R.L.;
Rouault, T.A. Iron-Dependent Oxidation, Ubiquitination, and Degradation of Iron Regulatory Protein 2:
Implications for Degradation of Oxidized Proteins. Proc. Natl. Acad. Sci. USA 1998, 95, 4924–4928. [CrossRef]
[PubMed]

54. Vashisht, A.A.; Zumbrennen, K.B.; Huang, X.; Powers, D.N.; Durazo, A.; Sun, D.; Bhaskaran, N.; Persson, A.;
Uhlen, M.; Sangfelt, O.; et al. Control of Iron Homeostasis by an Iron-Regulated Ubiquitin Ligase. Science
2009, 326, 718–721. [CrossRef] [PubMed]

55. Worthen, C.A.; Enns, C.A. The Role of Hepatic Transferrin Receptor 2 in the Regulation of Iron Homeostasis
in the Body. Front. Pharmacol. 2014, 5, 34. [CrossRef] [PubMed]

56. West, A.P.; Bennett, M.J.; Sellers, V.M.; Andrews, N.C.; Enns, C.A.; Bjorkman, P.J. Comparison of the
Interactions of Transferrin Receptor And transferrin Receptor 2 with Transferrin and the Hereditary
Hemochromatosis Protein HFE. J. Biol. Chem. 2000, 275, 38135–38138. [CrossRef] [PubMed]

57. Graham, R.M.; Reutens, G.M.; Herbison, C.E.; Delima, R.D.; Chua, A.C.; Olynyk, J.K.; Trinder, D. Transferrin
Receptor 2 Mediates Uptake of Transferrin-Bound and Non-Transferrin-Bound Iron. J. Hepatol. 2008, 48,
327–334. [CrossRef]

58. Anderson, E.R.; Shah, Y.M. Iron Homeostasis in the Liver. Compr. Physiol. 2013, 3, 315–330. [CrossRef]

http://dx.doi.org/10.1038/5979
http://dx.doi.org/10.1074/jbc.R117.781823
http://dx.doi.org/10.1172/JCI24356
http://dx.doi.org/10.1073/pnas.0606424103
http://dx.doi.org/10.1016/j.pharmthera.2007.02.001
http://dx.doi.org/10.1152/ajpcell.00080.2012
http://www.ncbi.nlm.nih.gov/pubmed/22496243
http://dx.doi.org/10.1016/j.cell.2016.12.034
http://www.ncbi.nlm.nih.gov/pubmed/28129536
http://dx.doi.org/10.3945/ajcn.114.103366
http://www.ncbi.nlm.nih.gov/pubmed/26561626
http://dx.doi.org/10.1016/j.freeradbiomed.2018.06.037
http://dx.doi.org/10.1007/s00239-006-0137-4
http://www.ncbi.nlm.nih.gov/pubmed/17160644
http://dx.doi.org/10.1038/ng1658
http://dx.doi.org/10.1152/ajpgi.00004.2017
http://dx.doi.org/10.1038/nchembio807
http://dx.doi.org/10.1021/bi0500325
http://dx.doi.org/10.1073/pnas.95.9.4924
http://www.ncbi.nlm.nih.gov/pubmed/9560204
http://dx.doi.org/10.1126/science.1176333
http://www.ncbi.nlm.nih.gov/pubmed/19762596
http://dx.doi.org/10.3389/fphar.2014.00034
http://www.ncbi.nlm.nih.gov/pubmed/24639653
http://dx.doi.org/10.1074/jbc.C000664200
http://www.ncbi.nlm.nih.gov/pubmed/11027676
http://dx.doi.org/10.1016/j.jhep.2007.10.009
http://dx.doi.org/10.1002/cphy.c120016


Nutrients 2020, 12, 2601 20 of 29

59. Leidgens, S.; Bullough, K.Z.; Shi, H.; Li, F.; Shakoury-Elizeh, M.; Yabe, T.; Subramanian, P.; Hsu, E.;
Natarajan, N.; Nandal, A.; et al. Each Member of the Poly-r(C)-binding Protein 1 (PCBP) Family Exhibits
Iron Chaperone Activity toward Ferritin. J. Biol. Chem. 2013, 288, 17791–17802. [CrossRef]

60. Bondi, A.; Valentino, P.; Daraio, F.; Porporato, P.; Gramaglia, E.; Canturan, S.; Gottardi, E.; Camaschella, C.;
Roetto, A. Hepatic Expression of Hemochromatosis Genes in Two Mouse Strains After Phleotomy and Iron
Overload. Haematologica 2005, 90, 1161–1167.

61. Theil, E.C. Ferritin Protein Nanocages-The Story. Nanotechnol. Percept. 2012, 8, 7–16. [CrossRef]
62. Torti, F.M.; Torti, S.V. Regulation of Ferritin Genes and Protein. Blood 2002, 99, 3505–3516. [CrossRef]
63. Waldvogel-Abramowski, S.; Waeber, G.; Gassner, C.; Buser, A.; Frey, B.M.; Favrat, B.; Tissot, J.-D. Physiology

of Iron Metabolism. Transfus. Med. Hemother. 2014, 41, 213–221. [CrossRef] [PubMed]
64. Theil, E.C. Ferritin: The Protein Nanocage and Iron Biomineral in Health and in Disease. Inorg. Chem. 2013,

52, 12223–12233. [CrossRef] [PubMed]
65. Anderson, G.J.; Frazer, D.M. Current Understanding of Iron Homeostasis. Am. J. Clin. Nutr. 2017, 106,

1559S–1566S. [CrossRef] [PubMed]
66. Langlois d’Estaintot, B.; Santambrogio, P.; Granier, T.; Gallois, B.; Chevalier, J.M.; Precigoux, G.; Levi, S.;

Arosio, P. Crystal Structure and Biochemical Properties of the Human Mitochondrial Ferritin and its Mutant
Ser144Ala. J. Mol. Biol. 2004, 340, 277–293. [CrossRef]

67. Ward, D.M.; Cloonan, S.M. Mitochondrial Iron in Human Health and Disease. Annu. Rev. Physiol. 2019, 81,
453–482. [CrossRef]

68. Finazzi, D.; Arosio, P. Biology of Ferritin in Mammals: An Update on Iron Storage, Oxidative Damage and
Neurodegeneration. Arch. Toxicol. 2014, 88, 1787–1802. [CrossRef]

69. Hentze, M.W.; Muckenthaler, M.U.; Andrews, N.C. Balancing Acts: Molecular Control of Mammalian Iron.
Cell 2004, 117, 285–297. [CrossRef]

70. Ganz, T. Macrophages and Systemic Iron Homeostasis. J. Innate Immun. 2012, 4, 446–453. [CrossRef]
71. Sukhbaatar, N.; Weichhart, T. Iron Regulation: Macrophages in Control. Pharmaceuticals 2018, 11, 137.

[CrossRef]
72. Kong, W.N.; Zhao, S.E.; Duan, X.L.; Yang, Z.; Qian, Z.M.; Chang, Y.Z. Decreased DMT1 and Increased

Ferroportin 1 Expression Is the Mechanisms of Reduced Iron Retention in Macrophages by Erythropoietin in
Rats. J. Cell. Biochem. 2008, 104, 629–641. [CrossRef]

73. Singh, A.K. Erythropoiesis: The Roles of Erythropoietin and Iron. In Textbook of Nephro-Endocrinology, 2nd
ed.; Singh, A.K., Williams, G.H., Eds.; Academic Press: Bucharest, Romania, 2017; Volume 13, pp. 207–215.

74. Zhang, D.L.; Ghosh, M.C.; Rouault, T.A. The Physiological Functions of Iron Regulatory Proteins in Iron
Homeostasis—An Update. Front. Pharmacol. 2014, 5, 124. [CrossRef] [PubMed]

75. Ganz, T.; Nemeth, E. Hepcidin and Iron Homeostasis. Biochim. Biophys. Acta 2012, 1823, 1434–1443.
[CrossRef] [PubMed]

76. Shah, Y.M.; Matsubara, T.; Ito, S.; Yim, S.H.; Gonzales, E.J. Intestinal Hypoxia-Inducible Transcription
Factors are Essential for Iron Absorption Following Iron Deficiency. Cell Metab. 2009, 9, 152–164. [CrossRef]
[PubMed]

77. Agarwal, A.K.; Yee, J. Hepcidin. Adv. Chronic Kidney Dis. 2019, 26, 298–305. [CrossRef]
78. Rochette, R.; Gudjoncik, A.; Guenancia, C.; Zeller, M.; Cottin, Y.; Vergely, C. The Iron-Regulator Hormone

Hepcidin: A Possible Therapeutic Target? Pharmacol. Ther. 2015, 146, 35–52. [CrossRef]
79. Canali, S.; Zumbrennen-Bullough, K.B.; Core, A.B.; Wang, C.-Y.; Nairz, M.; Bouley, R.; Swirski, F.K.; Babitt, J.L.

Endothelial Cells Produce Bone Morphogenetic Protein 6 Required for Iron Homeostasis in Mice. Blood 2017,
129, 405–414. [CrossRef]

80. Liu, X.B.; Nguyen, N.B.; Marquess, K.D.; Yang, F.; Haile, D.J. Regulation of Hepcidin and Ferroportin
Expression by Lipopolysaccharide in Splenic Macrophages. Blood Cells Mol. Dis. 2005, 35, 47–56. [CrossRef]

81. Bekri, S.; Gual, P.; Anty, R.; Luciani, N.; Dahman, M.; Ramesh, B.; Iannelli, A.; Staccini-Myx, A.; Casanova, D.;
Amor, I.B.; et al. Increased Adipose Tissue Expression of Hepcidin in Severe Obesity Is Independent from
Diabetes and NASH. Gastroenterology 2006, 131, 788–796. [CrossRef]

82. Darshan, D.; Anderson, G.J. Interacting Signals in the Control of Hepcidin Expression. BioMetals 2009, 22,
77–87. [CrossRef]

http://dx.doi.org/10.1074/jbc.M113.460253
http://dx.doi.org/10.4024/N03TH12A.ntp.08.01
http://dx.doi.org/10.1182/blood.V99.10.3505
http://dx.doi.org/10.1159/000362888
http://www.ncbi.nlm.nih.gov/pubmed/25053935
http://dx.doi.org/10.1021/ic400484n
http://www.ncbi.nlm.nih.gov/pubmed/24102308
http://dx.doi.org/10.3945/ajcn.117.155804
http://www.ncbi.nlm.nih.gov/pubmed/29070551
http://dx.doi.org/10.1016/j.jmb.2004.04.036
http://dx.doi.org/10.1146/annurev-physiol-020518-114742
http://dx.doi.org/10.1007/s00204-014-1329-0
http://dx.doi.org/10.1016/S0092-8674(04)00343-5
http://dx.doi.org/10.1159/000336423
http://dx.doi.org/10.3390/ph11040137
http://dx.doi.org/10.1002/jcb.21654
http://dx.doi.org/10.3389/fphar.2014.00124
http://www.ncbi.nlm.nih.gov/pubmed/24982634
http://dx.doi.org/10.1016/j.bbamcr.2012.01.014
http://www.ncbi.nlm.nih.gov/pubmed/22306005
http://dx.doi.org/10.1016/j.cmet.2008.12.012
http://www.ncbi.nlm.nih.gov/pubmed/19147412
http://dx.doi.org/10.1053/j.ackd.2019.04.005
http://dx.doi.org/10.1016/j.pharmthera.2014.09.004
http://dx.doi.org/10.1182/blood-2016-06-721571
http://dx.doi.org/10.1016/j.bcmd.2005.04.006
http://dx.doi.org/10.1053/j.gastro.2006.07.007
http://dx.doi.org/10.1007/s10534-008-9187-y


Nutrients 2020, 12, 2601 21 of 29

83. Nicolas, G.; Chauvet, C.; Viatte, L.; Danan, J.L.; Bigard, X.; Devaux, I.; Beaumont, C.; Kahn, A.;
Vaulont, S. The Gene Encoding the Iron Regulatory Peptide Hepcidin Is Regulated by Anemia, Hypoxia,
and Inflammation. J. Clin. Investig. 2002, 110, 1037–1044. [CrossRef]

84. Rishi, G.; Wallace, D.F.; Subramaniam, V.N. Hepcidin: Regulation of the Master Iron Regulator. Biosci. Rep.
2015, 35, e00192. [CrossRef] [PubMed]

85. Babitt, J.L.; Huang, F.W.; Wrighting, D.M.; Xia, Y.; Sidis, Y.; Samad, T.A.; Campagna, J.A.; Chung, R.T.;
Schneyer, A.L.; Woolf, C.J.; et al. Bone Morphogenetic Protein Signaling by Hemojuvelin Regulates Hepcidin
Expression. Nat. Genet. 2006, 38, 531–539. [CrossRef] [PubMed]

86. Galaris, D.; Barbouti, A.; Pantopoulos, K. Iron Homeostasisand Oxidative Stress: An Intimate Relationship.
Biochim. Biophys. Acta Mol. Cell Res. 2019, 1866, 118535. [CrossRef] [PubMed]

87. Zhao, N.; Maxson, J.E.; Zhang, R.H.; Wahedi, M.; Enns, C.A.; Zhang, A.-S. Neogenin Facilitates the Induction
of Hepcidin Expression by Hemojuvelin in the Liver. J. Biol. Chem. 2016, 291, 12322–12335. [CrossRef]

88. Wu, H.; Yung, L.M.; Cheng, W.H.; Yu, P.B.; Babitt, J.L.; Lin, H.Y.; Xia, Y. Hepcidin Regulation by BMP
Signaling in Macrophages Is Lipopolysaccharide Dependent. PLoS ONE 2012, 7, e44622. [CrossRef]
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165. Grubić Kezele, T. Iron. In Trace Elements and Minerals in Health and Longevity, 1st ed.; Malavolta, M.,
Mocchegiani, E., Eds.; Springer Nature: Cham, Switzerland, 2018; Volume 8, pp. 1–34.

166. Zivadinov, R.; Tavazzi, E.; Bergsland, N.; Hagemeier, J.; Lin, F.; Dwyer, M.G.; Carl, E.; Kolb, C.; Hojnacki, D.;
Ramasamy, D.; et al. Brain Iron at Quantitative MRI Is Associated with Disability in Multiple Sclerosis.
Radiology 2018, 289, 487–496. [CrossRef] [PubMed]

167. Rosko, L.; Smith, V.N.; Yamazaki, R.; Huang, J.K. Oligodendrocyte Bioenergetics in Health and Disease.
Neuroscientist 2019, 5, 334–343. [CrossRef] [PubMed]

168. Morath, D.J.; Mayer-Pröschel, M. Iron Modulates the Differentiation of a Distinct Population of Glial Precursor
Cells into Oligodendrocytes. Dev. Biol. 2001, 237, 232–243. [CrossRef] [PubMed]

169. Morath, D.J.; Mayer-Pröschel, M. Iron Deficiency During Embryogenesis and Consequences for
Oligodendrocyte Generation in Vivo. Dev. Neurosci. 2002, 24, 197–207. [CrossRef] [PubMed]

170. Schonberg, D.L.; McTigue, D.M. Iron is Essential for Oligodendrocyte Genesis following Intraspinal
Macrophage Activation. Exp. Neurol. 2009, 218, 64–74. [CrossRef] [PubMed]

171. Grishchuk, Y.; Peña, K.A.; Coblentz, J.; King, V.E.; Humphrey, M.D.; Wang, S.L.; Kiselyov, K.I.;
Slaugenhaupt, S.A. Impaired Myelination and Reduced Brain Ferric Iron in the Mouse Model of Mucolipidosis
IV. Dis. Model Mech. 2015, 8, 1591–1601. [CrossRef]

http://dx.doi.org/10.1002/jnr.490270421
http://www.ncbi.nlm.nih.gov/pubmed/2079720
http://dx.doi.org/10.1007/s00702-012-0898-4
http://dx.doi.org/10.1038/nrn1537
http://dx.doi.org/10.1371/journal.pone.0031748
http://dx.doi.org/10.1016/j.neuroimage.2007.11.017
http://dx.doi.org/10.1038/nrn1387
http://www.ncbi.nlm.nih.gov/pubmed/15100718
http://dx.doi.org/10.1097/01.jnen.0000202887.22082.63
http://www.ncbi.nlm.nih.gov/pubmed/16651881
http://dx.doi.org/10.1016/j.neurobiolaging.2007.07.015
http://www.ncbi.nlm.nih.gov/pubmed/17869382
http://dx.doi.org/10.3233/NUA-2012-0003
http://dx.doi.org/10.1385/MN:30:1:077
http://dx.doi.org/10.1023/A:1012371106766
http://dx.doi.org/10.1371/journal.pmed.1002445
http://dx.doi.org/10.1155/2019/4935237
http://dx.doi.org/10.1016/j.mehy.2017.07.022
http://dx.doi.org/10.1002/ana.23974
http://dx.doi.org/10.1148/radiol.2018180136
http://www.ncbi.nlm.nih.gov/pubmed/30015589
http://dx.doi.org/10.1177/1073858418793077
http://www.ncbi.nlm.nih.gov/pubmed/30122106
http://dx.doi.org/10.1006/dbio.2001.0352
http://www.ncbi.nlm.nih.gov/pubmed/11518519
http://dx.doi.org/10.1159/000065688
http://www.ncbi.nlm.nih.gov/pubmed/12401959
http://dx.doi.org/10.1016/j.expneurol.2009.04.005
http://www.ncbi.nlm.nih.gov/pubmed/19374902
http://dx.doi.org/10.1242/dmm.021154


Nutrients 2020, 12, 2601 25 of 29

172. Schulz, K.; Kroner, A.; David, S. Iron Efflux from Astrocytes Plays a Role in Remyelination. Soc. Neurosci.
2012, 32, 4841–4847. [CrossRef]

173. Todorich, B.; Pasquini, J.M.; Garcia, C.I.; Paez, P.M.; Connor, J.R. Oligodendrocytes and Myelination: The Role
of Iron. Glia 2009, 57, 467–478. [CrossRef]

174. Morell, P.; Jurevics, H. Origin of Cholesterol in Myelin. Neurochem. Res. 1996, 21, 463–470. [CrossRef]
175. Jones, G.; Prosser, D.E.; Kaufmann, M. Cytochrome P450-mediated Metabolism of Vitamin D. J. Lipid Res.

2014, 55, 13–31. [CrossRef]
176. Fuente, A.G.F.; Errea, O.; Van Wijngaarden, P.; Gonzalez, G.A.; Kerninon, C.; Jarjour, A.A.; Lewis, H.J.;

Jones, C.A.; Nait-Oumesmar, B.; Zhao, C. Vitamin D Receptor–Retinoid X Receptor Heterodimer Signaling
Regulates Oligodendrocyte Progenitor Cell Differentiation. J. Cell Biol. 2015, 211, 975–985. [CrossRef]
[PubMed]

177. Sintzel, M.B.; Rametta, M.; Reder, A.T. Vitamin D and Multiple Sclerosis: A Comprehensive Review.
Neurol. Ther. 2018, 7, 59–85. [CrossRef] [PubMed]

178. Abbatemarco, J.R.; Fox, R.J.; Li, H.; Ontaneda, D. Vitamin D and MRI Measures in Progressive Multiple
Sclerosis. Mult. Scler. Relat. Disord. 2019, 35, 276–282. [CrossRef] [PubMed]

179. Bacchetta, J.; Zaritsky, J.J.; Sea, J.L.; Chun, R.F.; Lisse, T.S.; Zavala, K.; Nayak, A.; Wesseling-Perry, K.;
Westerman, M.; Hollis, B.W.; et al. Suppression of Iron-regulatory Hepcidin by Vitamin D. J. Am. Soc. Nephrol.
2014, 25, 564–572. [CrossRef] [PubMed]

180. Kweder, H.; Eidi, H. Vitamin D Deficiency in Elderly: Risk Factors and Drugs Impact on Vitamin D Status.
Avicenna J. Med. 2018, 8, 139–146. [CrossRef]

181. Munger, K.L.; Chitnis, T.; Ascherio, A. Body Size and Risk of MS in Two Cohorts of US Women. Neurology
2009, 73, 1543–1550. [CrossRef]

182. Gianfrancesco, M.A.; Barcellos, L.F. Obesity and Multiple Sclerosis Susceptibility: A Review. J. Neurol.
Neuromed. 2016, 1, 1–5. [CrossRef]

183. Low, M.S.Y.; Speedy, J.; Styles, C.E.; De-Regil, L.M.; Pasricha, S.R. Daily iron supplementation for improving
anaemia, iron status and health in menstruating women. Cochrane Database Syst. Rev. 2016, 4, CD009747.
[CrossRef]

184. Ramos, P.; Santos, A.; Pinto, N.R.; Mendes, R.; Magalhães, T.; Agostinho Almeida, A. Iron Levels in the
Human Brain: A Post-Mortem Study of Anatomical Region Differences and Age-Related Changes. J. Trace
Elem. Med. Biol. 2014, 28, 13–17. [CrossRef]

185. Tishler, T.A.; Raven, E.P.; Lu, P.H.; Altshuler, L.L.; Bartzokis, G. Pre-menopausal Hysterectomy Is Associated
with Increased Brain Ferritin Iron. Neurobiol. Aging 2012, 33, 1950–1958. [CrossRef]

186. Hallgren, B.; Sourander, P. The Effect of Age on the Non-Haemin Iron in the Human Brain. J. Neurochem.
1958, 3, 41–51. [CrossRef] [PubMed]

187. Hagemeier, J.; Weinstock-Guttman, B.; Heininen-Brown, M.; Poloni, G.U.; Bergsland, N.; Schirda, C.;
Magnano, C.R.; Kennedy, C.; Carl, E.; Dwyer, M.G.; et al. Gray Matter SWI-filtered Phase and Atrophy Are
Linked to Disability in MS. Front. Biosci. 2013, 5, 525–532. [CrossRef] [PubMed]

188. Schmidt, P.J.; Rubinow, D.R. Sex Hormones and Mood in the Perimenopause. Ann. N. Y. Acad. Sci. 2009,
1179, 70–85. [CrossRef] [PubMed]

189. Awad, A.; Stüve, O. Multiple Sclerosis in the Elderly Patient. Drugs Aging 2010, 27, 283–294. [CrossRef]
190. Bartzokis, G.; Mintz, J.; Sultzer, D.; Marx, P.; Herzberg, J.S.; Phelan, C.K.; Marder, S.R. In Vivo MR Evaluation

of Age-Related Increases in Brain Iron. Am. J. Neuroradiol. 1994, 15, 1129–1138.
191. Armon-Omer, A.; Waldman, C.; Simaan, N.; Neuman, H.; Tamir, S.; Shahien, R. New Insights on the Nutrition

Status and Antioxidant Capacity in Multiple Sclerosis Patients. Nutrients 2019, 11, 427. [CrossRef]
192. Gill, D.; Brewer, C.F.; Monori, G.; Trégouët, D.A.; Franceschini, N.; Giambartolomei, C.; Tzoulaki, I.;

Dehghan, A. Effects of Genetically Determined Iron Status on Risk of Venous Thromboembolism and Carotid
Atherosclerotic Disease: A Mendelian Randomization Study. J. Am. Heart Assoc. 2019, 8, e012994. [CrossRef]

193. Menon, R.G.; Khan, B.V.; Rajagopalan, S.; Fay, W.P. Chronic Iron Administration Increases Vascular Oxidative
Stress and Accelerates Arterial Thrombosis. Circulation 2003, 107, 2601–2606.

194. Franchini, M.; Targher, G.; Montagnana, M.; Lippi, G. Iron and Thrombosis. Ann. Hematol. 2008, 87, 167–173.
[CrossRef]

http://dx.doi.org/10.1523/JNEUROSCI.5328-11.2012
http://dx.doi.org/10.1002/glia.20784
http://dx.doi.org/10.1007/BF02527711
http://dx.doi.org/10.1194/jlr.R031534
http://dx.doi.org/10.1083/jcb.201505119
http://www.ncbi.nlm.nih.gov/pubmed/26644513
http://dx.doi.org/10.1007/s40120-017-0086-4
http://www.ncbi.nlm.nih.gov/pubmed/29243029
http://dx.doi.org/10.1016/j.msard.2019.08.014
http://www.ncbi.nlm.nih.gov/pubmed/31445221
http://dx.doi.org/10.1681/ASN.2013040355
http://www.ncbi.nlm.nih.gov/pubmed/24204002
http://dx.doi.org/10.4103/ajm.AJM_20_18
http://dx.doi.org/10.1212/WNL.0b013e3181c0d6e0
http://dx.doi.org/10.29245/2572.942X/2016/7.1064
http://dx.doi.org/10.1002/14651858.CD009747.pub2
http://dx.doi.org/10.1016/j.jtemb.2013.08.001
http://dx.doi.org/10.1016/j.neurobiolaging.2011.08.002
http://dx.doi.org/10.1111/j.1471-4159.1958.tb12607.x
http://www.ncbi.nlm.nih.gov/pubmed/13611557
http://dx.doi.org/10.2741/E634
http://www.ncbi.nlm.nih.gov/pubmed/23277008
http://dx.doi.org/10.1111/j.1749-6632.2009.04982.x
http://www.ncbi.nlm.nih.gov/pubmed/19906233
http://dx.doi.org/10.2165/11532120-000000000-00000
http://dx.doi.org/10.3390/nu11020427
http://dx.doi.org/10.1161/JAHA.119.012994
http://dx.doi.org/10.1007/s00277-007-0416-1


Nutrients 2020, 12, 2601 26 of 29

195. Tang, X.; Fang, M.; Cheng, R.; Zhang, Z.; Wang, Y.; Shen, C.; Han, Y.; Lu, Q.; Du, Y.; Liu, Y.; et al.
Iron-Deficiency and Estrogen Are Associated with Ischemic Stroke by Up-Regulating Transferrin to Induce
Hypercoagulability. Circ. Res. 2020, 127, 651–663. [CrossRef]

196. Ogun, A.S.; Adeyinka, A. Biochemistry, Transferrin. In StatPearls [Internet]; StatPearls Publishing:
St. Petersburg, FL, USA, 2019. Available online: https://www.ncbi.nlm.nih.gov/books/NBK532928/ (accessed
on 30 May 2020).

197. Tang, X.; Zhang, Z.; Fang, M.; Han, Y.; Wang, G.; Wang, S.; Xue, M.; Li, Y.; Zhang, L.; Wu, J.; et al. Transferrin
Plays a Central Role in Coagulation Balance by Interacting with Clotting Factors. Cell Res. 2020, 30, 119–132.
[CrossRef] [PubMed]

198. Woods, H.F.; Youdim, M.B.H.; Boullin, D.; Callender, S. Monoamine Metabolism and Platelet Function
in Iron-Deficiency Anaemia. In Ciba Foundation Symposium 51-Iron Metabolism; John Wiley & Sons, Ltd.:
Chichester, UK, 1977; Volume 51, pp. 227–248.

199. Jackson, S. The Growing Complexity of Platelet Aggregation. Blood 2007, 109, 5087–5095. [CrossRef]
[PubMed]

200. Shovlin, C.L.; Chamali, B.; Santhirapala, V.; Livesey, J.A.; Angus, G.; Manning, R.; Laffan, M.A.; Meek, J.;
Tighe, H.C.; Jackson, J.E. Ischaemic Strokes in Patients with Pulmonary Arteriovenous Malformations and
Hereditary Hemorrhagic Telangiectasia: Associations With Iron Deficiency and Platelets. PLoS ONE 2014,
9, e88812. [CrossRef] [PubMed]

201. Appelros, P.; Stegmayr, B.; Terent, A. Sex Differences in Stroke Epidemiology: A Systematic Review. Stroke
2009, 40, 1082–1090. [CrossRef] [PubMed]

202. Kaluza, J.; Wolk, A.; Larsson, S.C. Heme Iron Intake and Risk of Stroke: A Prospective Study of Men. Stroke
2013, 44, 334–339. [CrossRef]

203. Fukuda, M.; Kanda, T.; Kamide, N.; Akutsu, T.; Sakai, F. Gender Differences in Long-term Functional
Outcome after First-ever Ischemic Stroke. Intern. Med. 2009, 48, 967–973. [CrossRef]

204. Petrone, A.B.; Simpkins, J.W.; Barr, T.L. 17β-Estradiol and Inflammation: Implications for Ischemic Stroke.
Aging Dis. 2014, 5, 340–345. [CrossRef]

205. Malutan, A.M.; Dan, M.; Nicolae, C.; Carmen, M. Proinflammatory and Anti-Inflammatory Cytokine Changes
Related to Menopause. Prz. Menopauzalny 2014, 13, 162–168. [CrossRef]

206. Montgomery, S.L.; Bowers, W.J. Tumor Necrosis Factor-alpha and the Roles it Plays in Homeostatic and
Degenerative Processes within the Central Nervous System. J. Neuroimmune Pharmacol. 2012, 7, 42–59.
[CrossRef]

207. Doll, D.N.; Rellick, S.L.; Barr, T.L.; Ren, X.; Simpkins, J.W. Rapid Mitochondrial Dysfunction Mediates
TNF-Alpha-Induced Neurotoxicity. J. Neurochem. 2015, 132, 443–451. [CrossRef]

208. Liao, S.L.; Chen, W.Y.; Chen, C.J. Estrogen Attenuates Tumor Necrosis Factor-Alpha Expression to Provide
Ischemic Neuroprotection in Female Rats. Neurosci. Lett. 2002, 330, 159–162. [CrossRef]

209. Vela, D. Hepcidin, an Emerging and Important Player in Brain Iron Homeostasis. J. Transl. Med. 2018, 16, 25.
[CrossRef] [PubMed]

210. Miller, E.M. Hormone Replacement Therapy Affects Iron Status More than Endometrial Bleeding in Older
US Women: A Role for Estrogen in Iron Homeostasis? Maturitas 2016, 88, 46–51. [CrossRef]

211. Zacharski, L.R.; Ornstein, D.L.; Woloshin, S.; Schwartz, L.M. Association of Age, Sex, and Race with Body
Iron Stores in Adults: Analysis of NHANES III Data. Am. Heart J. 2000, 140, 98–104. [CrossRef] [PubMed]

212. Bajbouj, K.; Shafarin, J.; Allam, H.; Madkour, M.; Awadallah, S.; El-Serafy, A.; Sandeep, D.; Hamad, M. Elevated
Levels of Estrogen Suppress Hepcidin Synthesis and Enhance Serum Iron Availability in Premenopausal
Women. Exp. Clin. Endocrinol. Diabetes 2018, 126, 453–459. [CrossRef]

213. Busti, F.; Campostrini, N.; Martinelli, N.; Girelli, D. Iron Deficiency in the Elderly Population, Revisited in
the Hepcidin era. Front. Pharmacol. 2014, 5, 83. [CrossRef]

214. Ilkovska, B.; Kotevska, B.; Trifunov, G.; Kanazirev, B. Serum Hepcidin Reference Range, Gender Differences,
Menopausal Dependence and Biochemical Correlates in Healthy Subjects. J. IMAB Annu. Proc. Sci. Pap.
2016, 22, 1127–1131. [CrossRef]

215. Jian, J.; Pelle, E.; Huang, X. Iron and Menopause: Does Increased Iron Affect the Health of Postmenopausal
Women? Antioxid. Redox Signal. 2009, 11, 2939–2943. [CrossRef]

216. Huang, X.; Xu, Y.; Partridge, N.C. Dancing with Sex Hormones, Could Iron Contribute to the Gender
Difference in Osteoporosis? Bone 2013, 55, 458–460. [CrossRef]

http://dx.doi.org/10.1161/CIRCRESAHA.119.316453
https://www.ncbi.nlm.nih.gov/books/NBK532928/
http://dx.doi.org/10.1038/s41422-019-0260-6
http://www.ncbi.nlm.nih.gov/pubmed/31811276
http://dx.doi.org/10.1182/blood-2006-12-027698
http://www.ncbi.nlm.nih.gov/pubmed/17311994
http://dx.doi.org/10.1371/journal.pone.0088812
http://www.ncbi.nlm.nih.gov/pubmed/24586400
http://dx.doi.org/10.1161/STROKEAHA.108.540781
http://www.ncbi.nlm.nih.gov/pubmed/19211488
http://dx.doi.org/10.1161/STROKEAHA.112.679662
http://dx.doi.org/10.2169/internalmedicine.48.1757
http://dx.doi.org/10.14336/AD.2014.0500340
http://dx.doi.org/10.5114/pm.2014.43818
http://dx.doi.org/10.1007/s11481-011-9287-2
http://dx.doi.org/10.1111/jnc.13008
http://dx.doi.org/10.1016/S0304-3940(02)00754-1
http://dx.doi.org/10.1186/s12967-018-1399-5
http://www.ncbi.nlm.nih.gov/pubmed/29415739
http://dx.doi.org/10.1016/j.maturitas.2016.03.014
http://dx.doi.org/10.1067/mhj.2000.106646
http://www.ncbi.nlm.nih.gov/pubmed/10874269
http://dx.doi.org/10.1055/s-0043-124077
http://dx.doi.org/10.3389/fphar.2014.00083
http://dx.doi.org/10.5272/jimab.2016222.1127
http://dx.doi.org/10.1089/ars.2009.2576
http://dx.doi.org/10.1016/j.bone.2013.03.008


Nutrients 2020, 12, 2601 27 of 29

217. Chen, B.; Li, G.F.; Shen, Y.; Huang, X.I.; Xu, Y.J. Reducing Iron Accumulation: A Potential Approach for the
Prevention and Treatment of Postmenopausal Osteoporosis. Exp. Ther. Med. 2015, 10, 7–11. [CrossRef]

218. Roy, C.N.; Snyder, P.J.; Stephens-Shields, A.J.; Artz, A.S.; Bhasin, S.; Cohen, H.J.; Farrar, J.T.; Gill, T.M.;
Zeldow, B.; Cella, D.; et al. Association of Testosterone Levels with Anemia in Older Men: A Controlled
Clinical Trial. JAMA Intern. Med. 2017, 177, 480–490. [CrossRef]

219. Gabrielsen, J.S. Iron and Testosterone: Interplay and Clinical Implications. Curr. Sex. Health Rep. 2017, 9,
5–11. [CrossRef]
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