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Abstract: Impaired iron metabolism has been increasingly observed in many diseases, but a deeper,
mechanistic understanding of the cellular impact of altered iron metabolism is still lacking. In
addition, deficits in neuronal energy metabolism due to reduced glucose import were described
for Alzheimer’s disease (AD) and its comorbidities like obesity, depression, cardiovascular disease,
and type 2 diabetes mellitus. The aim of this review is to present the molecular link between both
observations. Insufficient cellular glucose uptake triggers increased ferritin expression, leading
to depletion of the cellular free iron pool and stabilization of the hypoxia-induced factor (HIF)
1α. This transcription factor induces the expression of the glucose transporters (Glut) 1 and 3 and
shifts the cellular metabolism towards glycolysis. If this first line of defense is not adequate for
sufficient glucose supply, further reduction of the intracellular iron pool affects the enzymes of the
mitochondrial electron transport chain and activates the AMP-activated kinase (AMPK). This enzyme
triggers the translocation of Glut4 to the plasma membrane as well as the autophagic recycling of
cell components in order to mobilize energy resources. Moreover, AMPK activates the autophagic
process of ferritinophagy, which provides free iron urgently needed as a cofactor for the synthesis of
heme- and iron–sulfur proteins. Excessive activation of this pathway ends in ferroptosis, a special
iron-dependent form of cell death, while hampered AMPK activation steadily reduces the iron pools,
leading to hypoferremia with iron sequestration in the spleen and liver. Long-lasting iron depletion
affects erythropoiesis and results in anemia of chronic disease, a common condition in patients
with AD and its comorbidities. Instead of iron supplementation, drugs, diet, or phytochemicals
that improve energy supply and cellular glucose uptake should be administered to counteract
hypoferremia and anemia of chronic disease.

Keywords: glucose transporter; insulin resistance; HIF1α; hydrogen sulfide; metabolic syndrome;
ferritin; gingko biloba; COVID-19

1. Introduction

Dementia refers to a syndrome of progressive nature characterized by the alteration
of higher cognitive functions severe enough to impair independent daily living. The
prevalence of dementia is around 697 cases per 10,000 people aged ≥50 years [1], and,
because lifespan prolongs, the number of individuals with dementia is likely to increase
in the following decades. Moreover, the COVID-19 pandemic might also contribute to a
higher prevalence of dementia in the near future [2].

Two subtypes of dementia can roughly be distinguished: vascular dementia due to
previous stroke or hemorrhage and Alzheimer’s disease (AD), which is the most common
chronic degenerative disease with brain tissue loss, chronic inflammatory processes, mito-
chondrial dysfunction, and redox imbalance. The accumulation of amyloid ß plaques and
intracellular neurofibrillary tau protein tangles is one of the hallmarks of AD.

Recent studies indicate that these pathophysiological mechanisms are shared by other
diseases. Beside hormonal deficiency in advanced age and the Apolipoprotein Eε4 genotype,
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a wide range of diseases—such as depression, hypertension, cardiovascular disease, di-
abetes mellitus type 2, osteoporosis, or obesity—predispose to AD [3,4]. Identifying the
relationship between AD and other diseases might help to address the complexity of AD
and allow treatment of common dysregulated pathways. The significant prevalences of ane-
mia and non-alcoholic fatty liver disease in all these disorders might present a link between
them that refers to a common pathomechanism, but this link is still poorly understood.

Iron, glucose, and energy metabolism are closely intertwined [5,6]. Cells require both
glucose and iron for essential functions like energy production, but their amounts within
the body and in individual cells are tightly regulated. Glucose uptake is the prerequisite
for sufficient ATP production along the mitochondrial respiratory chain, which consists of
multiple iron-containing complexes. Iron deprivation results in a significant reduction in
the abundance of these mitochondrial iron–sulfur proteins [7]. Instead, proteins involved
in glucose utilization and glycolysis are upregulated under iron deficiency. Curiously, the
same genes are also upregulated, at least temporarily, under impaired glucose uptake [4,8].

In the following, this review elaborates on the molecular insights that help to further
understand comorbidities and find pathogenic mechanisms common to all mentioned dis-
orders and possible links. Recent clinical and research data point to deficits in glucose and
energy metabolism [9] accompanied by anemia/iron deficiency [4,10] in all these diseases.

2. Iron Metabolism

Most of the iron is bound as pentacoordinated iron in heme proteins, such as
hemoglobin, myoglobin, and cytochrome P450 enzymes. Iron homeostasis is achieved by
recycling heme proteins in macrophages of the spleen, liver, kidney, and bone marrow and
by import from the duodenum (Figure 1). Bound to transferrin, it is transported in the
blood, and about 65% of the iron is inserted into the heme group of hemoglobin in the bone
marrow. In fact, available body iron is prioritized for hemoglobin synthesis. Therefore, it is
important to mention that iron deficiency in tissue cells proceeds the decline of hemoglobin
and the number of erythrocytes under anemia [11].

Reduced erythropoietin production, long-lasting inflammation [14], obesity, hormone
deficiency or resistance, or disturbed iron supply for erythropoiesis are the main triggers of
anemia [10] (Figure 1B). Anemia is diagnosed when hemoglobin levels fall below 12 g/dL
in women and <13 g/dL in men [15]. Two types of anemia can be distinguished: anemia of
chronic disease (ACD) (also called anemia of inflammation) and iron deficiency anemia
(IDA) (Figure 2). The circulatory level of serum ferritin—an iron-binding protein—acts as a
gold-standard prognostic marker for iron deficiency (hypoferritinemia) and iron overload
(hyperferritinemia). IDA is defined by serum ferritin levels less than 30 ng/mL and a low
bone marrow iron level, while ACD is linked to serum ferritin levels higher than 100 ng/mL
and elevated C-reactive protein (CRP) levels.

Ferritin is a heteropolymer with 24 subunits, which consist of heavy and light chains.
The ratio of both chains is tissue- and cell-type-dependent and is altered during disease
pathologies. The ferroxidase activity of the heavy chain transforms the aggressive Fe2+

into unreactive Fe3+. Thousands of Fe3+ iron atoms can be stored inside its hollow cavity
as a hydrated ferric oxyhydroxide mineral. Hyperferritinemia is often linked with iron
deposits in the liver and bone marrow, thereby increasing the risk of non-alcoholic fatty
liver disease [17] and disturbed hematopoiesis [18].

In the elderly population, changes in ferritin concentration do not always reflect varia-
tions in iron stores because ferritin is an acute-phase protein and is affected by inflammatory
processes irrespective of the iron store status. Transferrin saturation is less affected by
inflammation and may therefore be more reliable than serum ferritin, particularly under
permanent pro-inflammatory conditions called inflammaging [19].
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Figure 1. Summary of iron regulation. (A) Iron is either recycled from dying erythrocytes or re-
sorbed in the duodenum. It is transported in the blood bound to transferrin, which binds the trans-
ferrin receptors expressed on all dividing body cells. After endocytosis of the whole iron/transfer-
rin/transferrin receptor complex, the iron is liberated and intracellularly available for the synthesis 
of heme proteins or iron–sulfur clusters. Iron released from cells is bound to ferritin. Cells regulate 
their iron content by up- or downregulating transferrin receptors on their surface. Most of the iron 
is required in the bone marrow for erythropoiesis and in the muscle for myoglobin synthesis. (B) 
Hormone/growth factor/neurotransmitter deficiency or resistance, as well as obesity and viral infec-

Figure 1. Summary of iron regulation. (A) Iron is either recycled from dying erythrocytes or resorbed
in the duodenum. It is transported in the blood bound to transferrin, which binds the transferrin recep-
tors expressed on all dividing body cells. After endocytosis of the whole iron/transferrin/transferrin
receptor complex, the iron is liberated and intracellularly available for the synthesis of heme proteins
or iron–sulfur clusters. Iron released from cells is bound to ferritin. Cells regulate their iron content
by up- or downregulating transferrin receptors on their surface. Most of the iron is required in the
bone marrow for erythropoiesis and in the muscle for myoglobin synthesis. (B) Hormone/growth fa-
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ctor/neurotransmitter deficiency or resistance, as well as obesity and viral infection, reduce cellular
glucose uptake, resulting in a stress response. The acute phase response proteins CRP and ferritin are
secreted from the liver, and the proinflammatory cytokine interleukin 6 induces glycogenolysis and
hepcidin expression in the liver. This peptide reduces iron efflux from cells and duodenal absorption
by promoting the degradation of the only iron exporter, ferroportin 1. Excessive iron (:::) is stored
in ferritin and hemosiderin primarily in the liver and kidney. These iron deposits can be detected
in liver and kidney biopsies from patients with nonalcoholic fatty liver disease and chronic kidney
disease. Missing replenishment of the bone marrow with transferrin-bound iron impairs not only
erythropoiesis but also granulopoiesis [12]. However, the longer survival of granulocytes induced by
IL6 [13] compensates for the reduced production. Intracellular upregulation of ferritin and removal
of iron stabilize the transcription factor HIF1α, which counteracts glucose deprivation by increasing
the expression of Glut 1 and 3. HIF1α—hypoxia-induced factor; CRP—C-reactive protein; IRP—iron-
responsive protein; Glut—glucose transporter. Arrows indicate activation of enzymes or pathways;
red lines indicate inhibition of proteins or pathways.
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3. Comorbidities of AD

Epidemiological and biological evidence supports a link between Alzheimer’s disease
and type 2 diabetes mellitus [20–22], cardiovascular disease [22–24], osteoporosis [4,25],
and depression [26,27].

Multimorbidity with insulin resistance, older age, and obesity are the main risk factors
not only for AD but also for severe COVID-19 infection [28], with type 2 diabetes and
cardiovascular disease as the leading two comorbidities that worsen COVID-19 pathology.
Cognitive impairment, depression, and delirium are possible neurological manifestations
of viral infection [29,30], and the long-term consequences of this infection on the prevalence
of dementia cannot be estimated yet.

While the association between AD and its comorbidities, which were seen as inde-
pendent diseases with different local restrictions until recently, becomes more and more
important, the association of all diseases with anemia or, more often, iron deficiency, is
largely unknown.

Kim et al. [31] observed an association between anemia, AD, and osteoporosis. Zarate-
Ortiz et al. [32] associated lower concentrations of hemoglobin and higher body weight
with an increased risk for depressive symptoms. In addition, obesity is linked to anemia in
young adolescents [33] as well as impaired brain energy [34]. A special focus should be set
on the association of intra-natal iron deficiency with autism, schizophrenia, and abnormal
brain structure [35].

In general, dysregulated iron metabolism is associated with cognitive disorders, in-
cluding memory and attention disorders, and anemia or, at least, an iron deficiency [36,37].
Ferritin levels in the cerebrospinal fluid are associated with inflammation markers, phospho-
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tau, and apolipoprotein E levels [38]. Amyloid precursor protein and tau have been reported
to have physiological roles in neuronal iron homeostasis [39,40].

In neuropathological and neuroimaging surveys, brain iron levels have been reported
to be associated with plaque and tangle pathology. Further studies reveal that iron could
not only enhance the production of amyloid ß but also directly bind to amyloid ß and tau
to promote their aggregations [40].

Anemia is a relatively common finding in heart failure. In a large meta-analysis of
34 studies, comprising 153,180 patients with chronic heart disease, 37.2% of them were
anemic and had an increased risk of mortality [41]. The specific cause of anemia is still
unknown, but for the confounders ‘iron deficiency’ and ‘inflammation,’ the strongest
evidence-based data exist [42]. Indeed, in patients with heart failure, higher levels of proin-
flammatory cytokines and CRP are inversely related to hemoglobin levels [43]. Current
treatment options include intravenous or oral iron supplementation or blood transfusions
in cases of extreme anemia, but clinical trials have failed to show convincing evidence
for benefits. Therefore, no feasible therapeutic strategy for the long-term management
of chronic anemia in patients with chronic heart failure exists based on the risk-benefit
profile [44]. Detailed insights into chronic heart disease and anemia are given in the review
of Siddiqui et al. [45].

Iron regulates immune responses and influences the course of viral infections. The
dysregulation of iron homeostasis associated with anemia appears to be a hallmark of
severe COVID-19 infection [46]. Recent studies revealed a virus-encoded hepcidin-like
peptide termed COVIDin [47] that blocks iron import and recycling (Figure 1B). Infected
patients have low levels of iron, total iron binding capacity, and transferrin but significantly
higher levels of ferritin and transferrin saturation [48]. The iron level is even a predictor
of mortality.

Anemia due to chronic kidney disease has been studied the most. It relies on decreased
production of erythropoietin by the kidneys, leading to suppression of erythropoiesis. This
form of anemia cannot, therefore, be equated to iron deficiency anemia. However, it is
also linked to dementia, among several other diseases [49], probably because obesity and
diabetes are independent risk factors for kidney disease.

In general, iron deficiency is less noticed by clinicians, although the WHO has iden-
tified it as a public health problem since 2004. It might even point to pathophysiologic
mechanisms common to a wide range of diseases. However, it is still unclear whether
anemia itself is an additional driver or just a passenger in all diseases.

4. Glucose Deprivation Is a Common Pathogenic Mechanism

Under physiological conditions, cell metabolism depends on a continuous supply of
glucose. Its uptake is strictly regulated and depends on glucose transporters (Gluts), which
are stored in vesicles beneath the plasma membrane. Hormones, growth factors, cytokines,
or neurotransmitters (Figure 3) induce the fusion of these vesicles with the membrane and
the presentation of glucose transporters on the cell surface via AKT kinase activation.

The family of glucose transporters consists of 14 members [50]. Glut1, Glut3, and
Glut4 play a predominant role in glucose supply and metabolic homeostasis. While
Glut1 is a ubiquitous glucose transporter in most cells, Glut4 mediates insulin-dependent
glucose uptake. Glut3 has the highest affinity for glucose of all glucose transporters and is
predominantly expressed in neurons. In addition, much of the imported glucose is used
by glia cells to glycolytically produce monocarboxylates like lactate, which fuel oxidative
phosphorylation in the neuronal mitochondria [51].

The serine/threonine kinase Akt initiates a cascade of phosphorylations that lead to
the translocation of Glut-containing vesicles and their fusion with the cell membrane. Three
isoforms of Akt kinase regulate glucose uptake. Akt1 is the main isoform in all tissue cells,
despite neuronal cells, which express the Akt3 isoform. Akt2 manages the insulin-induced
glucose uptake through Glut4 and thereby guarantees basic glucose supply, even in the
brain [4].
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Figure 3. Schematic representation summarizing the regulation of cellular glucose uptake based on
publication [4]. Depending on the corresponding receptors on the cell surface, cytokines, growth
factors, neurotransmitters (Akt1/3), and insulin (Akt2) (magenta circle) activate the serine/threonine
kinase Akt, which coordinates the translocation of Glut-loaded vesicles to the plasma membrane.
Missing ligand binding to the respective receptors downregulates the Akt pathway and triggers
intracellular glucose depletion. Several survival pathways are immediately initiated. Inhibition of
Akt induces ER stress and the upregulation of ferritin, thereby reducing intracellular iron levels and
stabilizing HIF1α (green circle). Metabolism shifts from oxidative phosphorylation (oxP) to glycolysis
because the synthesis of iron–sulfur proteins in the mitochondria is downregulated. Concurrently,
the expression of Glut1 and Glut3 is increased. Further loss of energy and iron activates AMPK,
which fuels the cell with glucose through Glut4 translocation (yellow circle). This pathway is
promoted by metformin. Another survival pathway is induced by ATF4/6 in the ER stress response.
H2S increases autophagy and inhibits ER stress and ferroptosis (grey circle). Aß, beta-amyloid;
AMPK, adenosine monophosphate-activated protein kinase; ATF, activating transcription factor;
ATP, adenosine triphosphate; BDNF, brain-derived neurotrophic factor; DMT-1, divalent metal
transporter-1; ER, endoplasmic reticulum; Fe, iron; Glut, glucose transporter; GSK3ß, glycogen
synthase kinase-3ß; HIF, hypoxia-induced factor; H2S, hydrogen sulfide; IGF, insulin-like growth
factor; IL, interleukin; IRS, insulin receptor substance; ISCU, iron–sulfur clusters; NCOA4, nuclear
receptor coactivator; NGF, nerve growth factor; NT, neurotensin; oxP, oxidative phosphorylation;
rTMS, repetitive transcranial magnetic stimulation; TK, tyrosine kinase; TRK B, tropomysin-related
kinase B; VEGF, vascular endothelial growth factor.

In addition to glucose import, Akt favors the storage of glucose as glycogen in astro-
cytes by inactivating glycogen synthase kinase-3 (GSK3), also known as tau protein kinase.
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This enzyme is associated with stress responses, neuronal apoptosis, and hyperphosphory-
lation of tau, which forms neurofibrillary tangles—a hallmark of AD. Impaired cerebral
glucose metabolism triggers hyperphosphorylation of tau [52]. If Akt is active, GSK3 is
inactive (Figure 3).

While the human brain is only 2% of body mass, it accounts for 20% of glucose
utilization at rest [53]. Therefore, it is particularly vulnerable to glucose deprivation. Beside
dementia, a variety of neurodegenerative conditions are associated with changes in glucose
supply [54–57], and a low brain glucose metabolism rate is already initiated decades before
the clinical onset of dementia [58,59].

Glucose, an essential energy substrate for the brain, travels in the blood and must
traverse the blood–brain barrier via Glut1 to supply neuronal cells. In AD, decreased
Glut1 and Glut3 levels in the brain limit glucose uptake [60], and positron emission to-
mography reveals that glucose utilization is dramatically lower in AD compared to a
healthy brain [61,62]. Carriers of the epsilon4 allele of the apolipoprotein E (ApoEε4) gene,
which is the major genetic risk factor for AD, display a regional pattern of cerebral glucose
hypometabolism decades prior to disease onset [63].

In a transgenic mouse model of AD, which produces extracellular amyloid ß in the
brain, reduced Glut1 levels on the surface of astrocytes weakened their ability to serve as a
glucose conduit between capillaries and neurons [64,65].

Another transgenic mouse model carrying the human APOEε4 isoform displayed a
reduction of about 30% in glucose transport through the blood–brain barrier compared
with mice carrying the APOEε2 variant, although Glut1 expression in brain capillaries
was unchanged [66]. In line with these results, Zhang observed high neuronal glycolytic
activity in APOEε2 transgenic mice but low activity in APOEε4 mice, probably due to
the limited glucose uptake [67]. ApoE also influences brain iron homeostasis. ApoE ko
mice showed increased levels of amyloid ß, interleukin 6, and brain iron due to increased
uptake and reduced ferroportin 1-mediated iron export [68]. Although the exact underlying
mechanism remains unclear, disturbed insulin/Akt signaling seems to be involved [69].

Depression is also linked to abnormal energy metabolism. Kahl et al. [70] observed
strong DNA methylation of the Glut1 promotor in leukocytes from depressive patients.
DNA methylation impairs the gene expression of Glut1, leading to lower glucose uptake at
the blood–brain barrier. Instead, insulin, glucose, cortisol, IL-6, and IL-1ß are elevated to
counteract glucose deficiency [4]. While insulin and proinflammatory cytokines can activate
further pathways for glucose uptake, cortisol restricts cellular energy consumption [71],
interferes with Glut1 recycling via PTEN [72], and increases hepatic gluconeogenesis and
blood glucose. Cytokine and hormone levels normalized after 6 weeks of treatment with
antidepressants. In line with these findings, Stapel et al. [73] observed increased glucose
uptake in blood cells under incubation with the antidepressant fluoxetine.

Insulin resistance, or type 2 diabetes mellitus, often triggered by obesity, is another fac-
tor that restricts glucose availability [74,75]. Therefore, it contributes to hypertension [76],
osteoporosis [77], and AD [78]. Diabetic patients have a 50% increased risk of developing
AD. Decreased sensitivity to insulin leads to hyperinsulinemia and hyperglycemia but
reduced cellular glucose uptake. As shown in Figure 3 (magenta circle), insulin stimu-
lates its own internal signaling cascade (insulin receptor-Akt2-Glut4) that results in the
presentation of Glut4 on the cell surface. Disrupted insulin signaling disturbs the cellular
energy metabolism by downregulating glucose transporters [79]. In line with these results,
leukocytes from diabetic patients present low numbers of Glut3 and Glut4 on the plasma
membrane [80]. The same was shown for the neuronal cells of obese mice on a high-fat
diet [81]. In addition, insulin receptor ß-chain expression was reduced [82]. Thus, obesity
lowers energy status in the brain despite chronic hypercaloric nutrition [34].
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5. Cellular Mechanisms to Cope with the Energy Crisis
5.1. Integrated Stress Response

Reduced glucose uptake triggers intracellular ER stress and upregulation of the amy-
loidogenic ß-secretase BACE-1 [83,84] not only in AD but also in metabolic diseases, includ-
ing type 2 diabetes, obesity, and cardiovascular disease [85]. One target protein of BACE-1
is the amyloid precursor protein (APP). Cleavage of APP by BACE-1 yields amyloid ß.
This fragment helps to increase glucose uptake by activating the insulin-like growth factor
receptor/Akt/Glut pathway under both basal and depolarizing conditions [86–88], but
unfortunately, it tends to aggregate in the brain.

Plasma amyloid β levels are also elevated in patients with cardiometabolic diseases,
obesity, type 2 diabetes, and heart failure [89,90]. In patients with depression, serum
amyloid P, a constituent of amyloid deposits, is elevated [91]. In animal studies, injection
of monomeric amyloid ß rescued glucose consumption in the brain of AD transgenic mice,
while injection of oligomeric amyloid β caused cognitive impairment and reduced glucose
availability due to impaired translocation of the insulin-regulated glucose transporter
Glut4 [92].

Glucose deprivation initiates the integrated stress response, leading to hydrogen
sulfide (H2S) production [4,93,94] (Figure 3). H2S is cytoprotective, prevents hyperphos-
phorylation of tau [95], and regulates energy production in mammalian cells under stress
conditions [96,97] (Figure 3). Endogenous H2S in the brain is generated mainly by the
cystathionine β-synthase, and its concentration is up to threefold higher in the brain than
in serum [98]. In the brains of AD patients, H2S levels are low [99], while their plasma
levels of homocysteine are increased. Cystathionine β-synthase diverts homocysteine to the
biosynthesis of cysteine and the production of H2S. Mice or patients lacking this enzyme
suffer from hyperhomocysteinemia and mental retardation [100]. In transgenic AD mice,
treatment with the H2S donor GYY4137 improved cognition [95].

5.2. Inflammation

Energy crises in the brain are known to be induced by a reduction in glucose uptake,
which may be ascribed to the diminished expression of cerebral glucose transporters due to
impaired Akt signaling [101]. Reduced Glut1 presentation at the blood–brain barrier is coun-
teracted by activated immune cells [102]. They secrete vascular endothelial growth factor
that re-induces Akt signaling (Figure 3) and thereby restores cerebral glucose metabolism
and preserves cognitive functions [103]. Thus, low chronic inflammation—linked to depres-
sion, hypertension, cardiovascular disease, osteoporosis, or obesity—can promote glucose
uptake in undersupplied tissues. Diabetes even increases these inflammatory reactions.

Prolonged glucose or ATP depletion promotes a cascade of reactions leading to the
formation of inflammasomes and the secretion of the proinflammatory cytokine interleukin
1ß [104]. It upregulates Glut1 [105], but also attracts activated immune cells. The glycolytic
metabolism of these cells is linked to a high consumption of glucose [106]. Therefore, the
inflammation might turn from a beneficial to a detrimental process, thereby increasing the
energy crisis. Anti-inflammatory medications might slow down disease progression, but
they do not stop energy depletion in the affected tissue. Moreover, in the brain, amyloid ß
triggers metabolic reprogramming towards glycolysis during activation of microglia, and
the increasing glucose deficiency leads to metabolically defective microglia and diminished
immune responses in transgenic AD mice [107].

5.3. Disturbed Iron Metabolism

Mild hypoxic preconditioning has become a novel therapeutic target in the treatment
of hypertension [108], myocardial infarction [109], cerebral ischemia [110], and depres-
sion [111]. It is even proposed as a potential application for patients with COVID-19 [112].
Hypoxia induces neuroprotection by reducing energy consumption [113] and prevents
amyloid β accumulation in AD mice [114]. All these protective effects of hypoxia are
mediated by the hypoxia-induced factor HIF1α.
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Under physiological conditions, prolyl hydroxylase domain proteins (PHDs) sense
molecular oxygen and mediate hydroxylation of the C-terminal transactivation domain
of HIF1α, leading to ubiquitination and degradation of HIF1α. Under hypoxia, the hy-
droxylation of the alpha subunits is inhibited, thus stabilizing the HIF1α subunits [115].
HIF1α, together with HIF1ß, constitutes a transcription factor for several thousand genes
and shifts cell metabolism towards oxygen-independent glycolysis [116]. Two of its target
genes code for Glut1 and Glut3. Stronger expression of these genes allows for increased
glucose uptake.

Surprisingly, glucose deprivation also activates HIF1α [117]. The mechanism of this ac-
tivation relies on iron depletion because the HIF1α-destabilizing PHDs are Fe2+-dependent.
Inhibition of Akt signaling, linked to reduced glucose uptake, simultaneously elevates
intracellular ferritin levels [101]. In mitochondria, organelle-specific ferritin rescues mito-
chondrial iron overload and dysfunction [118]. During COVID-19 infection, hypomethyla-
tion of the ferritin heavy-chain gene underlies serum hyperferritinemia and low levels of
serum iron in severely ill COVID-19 patients [119]. Prolonged Hif1α activity and higher
miRNA210 expression downregulate the iron–sulfur cluster assembly machinery (ISCU)
and divalent metal transporter 1 (DMT1) expression (Figure 3). ISCU is a scaffold pro-
tein that helps insert ferrous iron into the iron–sulfur clusters of proteins. Reduced ISCU
levels are linked to decreased biogenesis of [Fe–S] clusters, leading to impaired protein
maturation in the endoplasmic reticulum (ER) and increased ER stress [120]. Additionally,
mitochondrial dysfunction is imminent because many proteins along the respiratory chain
contain iron–sulfur clusters. The latest research shows that mitochondrial dysfunction
is intimately associated with AD pathophysiology [121] and the development of type 2
diabetes [122].

The Iron importer DMT1 takes up nontransferrin-bound iron in many cells and also in
mitochondria [123]. Its downregulation limits intracellular iron levels.

In contrast to hypoxia, glucose deprivation triggers additional interleukin 6 expression
in immune cells [124], which subsequently induces hepatic hepcidin expression. Hepcidin,
as a key regulator of iron metabolism, is pivotal in mediating the occurrence of anemia of
chronic disease by blocking iron recycling by macrophages and duodenal iron absorption.
Systemic hypoferremia is a part of the acute phase response of human infections and likely
protects against extracellular infections. Excess iron is stored in the liver, and iron overload
is diagnosed in 30% of patients with both non-alcoholic fatty liver disease and the metabolic
syndrome [125].

Because iron is an essential cofactor for proteins involved in the tricarboxylic acid
(TCA) cycle and electron transport in the mitochondria, for DNA synthesis, protein trans-
lation in the endoplasmic reticulum, activity of the cytochrome P450 system, and appro-
priate synthesis of the neurotransmitters serotonin, dopamine, and noradrenaline, iron
sequestration in ferritin molecules must be reversible. The ferritin-specific autophagy
adaptor nuclear receptor coactivator 4 (NCOA4), which is another HIF1α target, triggers
ferritinophagy [126] to make intracellular, bound iron available again.

However, overactivation of NCOA4 and increased ferritinopathy liberate too much
iron, ending in ferroptosis, an iron-provoked form of cell death characterized by intracellu-
lar lipid peroxide accumulation and oxidative membrane damage [127]. Iron deposits were
previously shown in pancreatic ß cells from diabetic mice. The cells die by ferroptosis [128],
as do liver cells [129] and kidney tubular cells [130] under diabetic conditions.

Ferroptosis also contributes to neurodegeneration in AD [131], although the exact
mechanism is still a matter of debate. The iron-responsive element in the 5′-untranslated
region of the APP mRNA points to a function of APP in iron homeostasis, i.e., the stabiliza-
tion of the iron exporter ferroportin in the plasma membrane [132]. Shifting the balance
from APP to Aß reduces iron export but increases the excess of unstored intracellular iron
and the formation of reactive oxidative species.

Intracellular iron metabolism is a double-edged sword. Insufficient levels of free
iron disturb oxidative phosphorylation, while excessive amounts of iron cause oxidative
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stress and ferroptosis (Figure 4). A key physiological player in this regulation is H2S [133].
Alternatively, iron chelation [134,135] can help stabilize iron levels in the physiological
range and thereby remit memory deficits and slow down disease progression. Indeed,
some clinical trials show that the dosage of iron chelators should be finely tuned to avoid
worsening the disease [136].
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Figure 4. Cellular iron homeostasis. Under stress, ferritin reduces the free iron pool, which stabilizes
HIF1α and impairs the activity of key electron transport chain and Krebs cycle enzymes. In turn,
reduced ATP production leads to reactive oxygen species (ROS) production in the mitochondria.
Excess ferritin production, leading to hyperferritinemia, causes inflammasome formation and the
attraction of immune cells. In contrast, excess iron due to exaggerated ferritinopathy increases
oxidative stress in the cytoplasm, lipid peroxidation, the formation of lipid droplets, and ferroptosis.

6. Protective Treatments

Iron depletion is an active process. The hepcidin-ferroportin pathway downregulates
cellular iron import and limits gastrointestinal iron uptake. The efficacy of oral iron sup-
plementation is doubtful because iron deficiency/anemia is a consequence of insufficient
glucose uptake. Thus, the focus of treatment should be on the import of glucose or alterna-
tive substrates. Table 1 gives an overview of potentially helpful nutrients and drugs and
their effects on glucose uptake and iron homeostasis.

6.1. Ketogenic Diet

The ketogenic diet is known as a non-pharmacological treatment for metabolic disor-
ders as well as brain disorders. Fat serves as the main alternative energy source under a
ketogenic diet (diet ratio of 4:1 fat to non-fat energy sources) and causes a metabolic shift
from glucose to fat utilization, favoring fat oxidation, ketone production, and ketone use.
The mitochondria easily adapt to the changed parameters. They preserve their functionality
by increasing proteins in the TCA cycle and respiratory chain. Moreover, the biogenesis of
mitochondria is observed on a ketogenic diet [137].

This diet maintains insulin signaling and prevents iron dyshomeostasis by downregu-
lating iron import and elevating ferritin levels [138]. In patients with type 2 diabetes, the
ketogenic diet has beneficial effects on weight loss and less glycosylated hemoglobin [139].
It also improves depression and psychotic symptoms [140], as well as cognitive symptoms
associated with different neurodegenerative disorders [141], including AD [138]. In the
brain, mainly astrocytes and neurons consume ketone bodies. Furthermore, a ketogenic
diet increases Glut3 expression and glucose uptake in neurons [52].
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Table 1. Overview of possible protective treatments that improve cellular glucose import and iron
deficiency. It must be noted that phytochemicals are extensively studied in regard to their anti-
inflammatory and anti-oxidative effects, but less is known concerning the iron metabolism. Arrows
indicate up- or downregulation of glucose transporters and proteins linked to iron metabolism. The
question marks indicate that the effects are not known.

Treatment Pathway Substrate Energy
Production

Glucose
Transporter

Effects on Iron
Metabolism

pharmaceuticals metformin AMPK
activation glucose respiratory

chain Glut4↑ Ferritin ↓

lithium GSK3ß
inhibition glucose respiratory

chain Glut1/3↑ ?

HIF-PHIs HIF1α
activation glucose glycolysis Glut1/3↑ Hemoglobin↑

nutrition

diet Ketogenic
diet fat oxidation fat,

glucose
respiratory

chain
neurons:
Glut3↑

serum ferritin,
hepcidin ↓

phytochemicals resveratrol
low dose

Sirtuin 1
activation glucose respiratory

chain Glut1/3↑ Ferroportin ↑

resveratrol
high dose

AMPK
activation glucose respiratory

chain Glut4↑

Gingko
biloba

NRF2/HO-1
activation glucose respiratory

chain ? iron chelation

berberine NRF2/HO-1
activation glucose respiratory

chain Glut1 ↓ ?

curcumin NRF2/HO-1
activation glucose respiratory

chain Glut1/3↑ iron chelation

icariin HIF1α
activation glucose glycolysis Glut1/3/4↑ hepcidin ↑

6.2. HIF-Prolyl Hydroxylase Inhibitors (HIF-PHIs)

HIF-PHIs influence iron homeostasis through effects on transferrin, transferrin recep-
tor expression, hepcidin, and other iron-related proteins [142]. They activate HIF1αwithout
iron deprivation [143] in patients with heart failure and renal anemia. HIF-PHIs increase
plasma hemoglobin levels by restoring physiological erythropoietin production in the kid-
ney, while hepcidin levels tend to decrease [144]. Moreover, HIF stabilizers show adverse
effects on the development of renal fibrosis, angiogenesis, and vascular calcification [145].

HIF-PHIs are already used in clinical practice, and ongoing research will define a role
for these drugs beyond the management of anemia. The application of HIF-PHIs might
strengthen the antiviral properties of the HIF signaling pathway in SARS-CoV-2 replication
and other pathogens, thereby offering new therapeutic opportunities [146].

In HIF-prolyl-4-hydroylase2-ko mice, constitutive HIF1 activation preserves heart
functions after myocardial infarction [115,147] and triggers osteoblast differentiation by the
metabolic shift towards glycolysis [148]. HIF-PHIs further protect against obesity-related
diseases and atherosclerosis [149–153].

In diabetic patients, hyperglycemia represses HIF1α induction under hypoxia and
increases ROS production, which is suspected to trigger further diabetic complications [154].
In diabetic animal models, HIF stabilization by HIF-PHIs prevents a metabolic shift toward
fat oxidation and rhabdomyolysis that preserves renal functions and accelerates wound
healing [155,156]. Future studies will certainly uncover many more potential benefits of
HIF-PHI treatment.
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6.3. Metformin

Metformin is considered a first-line anti-diabetic medication for type 2 diabetes mel-
litus and one of the most commonly prescribed drugs in the world. Due to its positive
effects on insulin resistance and glucose metabolism, which play an important role in AD,
it was investigated as a treatment option for dementia. In animal models, metformin in-
creased glucose uptake and attenuated amyloid ß production [157–159]. Although the exact
mechanism underlying metformin treatment is not fully understood, it improves cellular
energy homeostasis via AMPK/insulin receptor/Akt signaling (Figure 3). AMPK is an
intracellular energy sensor. Its activity is inversely correlated with the cellular availability
of glucose. Low intracellular ATP levels activate this pathway, which boosts neuronal au-
tophagy and increases Glut4-mediated glucose uptake [160]. In addition, it has pleiotropic
beneficial effects on depression [161,162] and inflammation [163]. Furthermore, it prevents
diabetic as well as glucocorticoid-induced osteoporosis via activating AMPK [164]. A
large meta-analysis recently revealed a significantly lower risk of major cardiovascular
events under metformin treatment [165], and Molaei et al. regard this pathway as a novel
therapeutic target for cardiovascular diseases [166]. Notably, iron chelation activates AMPK
signaling [167]. Accordingly, metformin was demonstrated to primarily induce an iron star-
vation response [168] with increased expression of the ferritin heavy-chain gene. Consistent
with these results, metformin improved anemia in a mouse model of polycystic kidney
disease [169].

6.4. Lithium

Lithium is a common medication used to treat mania and bipolar disorder. Metabolic
dysfunction, characterized by disturbed glucose metabolism and insulin resistance, is
becoming increasingly recognized as important in the pathophysiology of bipolar disor-
der [170].

Harmstra et al. [171] provided evidence that a low dose of lithium also slows down
the aging process and protects from age-related diseases, such as osteoporosis, AD, type 2
diabetes mellitus, cardiovascular disease, and chronic inflammation. Even clinical studies
reveal a delay in neurodegeneration under lithium [172]. GSK-3ß is a well-known target
of lithium, and chronic GSK3β overactivation has been shown to disrupt brain energy
regulation via impairment of glucose metabolism and mitochondrial function. Recently,
Ates et al. [173] presented evidence that neuroprotection by lithium depends on GSK3ß
phosphorylation along the Akt pathway. Under drug treatment, hippocampal glucose
uptake is enhanced by a strong increase in Glut3 [174]. Although Akt signaling is the main
pathway to increase glucose uptake, involvement of AMPK/insulin receptor signaling is
very likely—at least in the transgenic AD mouse.

6.5. Phytochemicals: Resveratrol, Gingko Biloba, Berberine, Curcumin, and Icariin

Nutritional interventions are often used to arrest or reverse age-related disorders. In
particular, Ayurveda, an Indian traditional medical system, uses ingredients of natural
origin, including whole plants or certain portions of plants and minerals, for therapeutic
purposes. Different extraction methods have been shown to yield different compounds
with specific biological effects, and combinations of phytochemicals may lead to potential
novel potent therapies for age- and lifestyle-related disorders due to additive or synergistic
effects. Fruits, berries, and herbs have plenty of ingredients, such as polyphenols, terpenes,
flavonoids, catechines, glycosides, cerebrosides, lignans, and phytosterols, that trigger
anti-inflammatory, antioxidant, anti-diabetic, and antiviral pathways [175]. Moderate
consumption of red wine correlates with a lower risk for AD [176–178], osteoporosis [179],
and cardiovascular disease [180].

Many phytochemicals possess high antioxidant activity. In addition, they target the
nuclear factor E2-related factor2/heme oxygenase 1 (NRF2/HO-1) pathway to reduce oxida-
tive stress and inflammation [181,182]. Either high intracellular radical levels—generated
either by free heme molecules or dysfunctional mitochondria—or AMPK activation [183]
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induce the transcription factor NRF2 and its target genes ferritin and hmox-1, coding for
heme oxygenase 1. This enzyme catalyzes the oxygenation of heme, thereby producing
biliverdin, carbon monoxide, and reactive Fe2+, which is directly chelated by ferritin. The
other cleavage products scavenge radicals as well [184]. Besides its important role in main-
taining cellular redox balance, Nrf2 is also engaged in the regulation of iron metabolism,
contributing to maintaining iron bioavailability and ferroptosis resistance [185].

6.6. Resveratrol

Resveratrol, the ingredient in red wine, is a stilbenoid polyphenol with multiple bioac-
tivities. Its supplemental intake mimics caloric restriction. It binds to Glut1 and reduces
glucose uptake [186]. This transient intracellular glucose deprivation confers a precondi-
tioning effect by triggering different survival pathways. While low levels of resveratrol
induce sirtuin 1, which, in turn, promotes membrane localization and activation of the
AKT2 isoform, higher levels of resveratrol promote the same pathway as metformin [187].
The final aim in either the sirtuin 1/Akt2 pathway or the AMPK/Glut4 pathway is in-
creased glucose uptake. Besides resveratrol, metformin, empagliflozin, and bexarotene
show cardioprotective effects linked to the AMPK pathway [188]. In addition, resveratrol
prevents hepatic iron overload and nonalcoholic fatty liver disease in rats by reducing
iron uptake and increasing iron export [189,190]. However, Sangouni et al. [190] found no
improvement in cardiovascular indices or hepatic steatosis in diabetic patients treated with
resveratrol for 8 weeks.

6.7. Gingko Biloba

The standard extract of Gingko biloba leaves contains a mix of beneficial catechins
and procyanidins, together with flavonoid glycosides and terpene trilactones. It has anti-
osteoporotic [191] as well as anti-inflammatory properties [192]. In the brain, it reduces
amyloid ß toxicity and destabilizes neurofibrils [193]. Moreover, it reduced zinc and
hyperhomocysteinemia-linked tau hyperphosphorylation [194,195]. These beneficial effects
might all result from improved insulin signaling [196] and iron scavenging. Ginkgo biloba
extracts strongly chelate ferrous ions [197] and increase NRF2 expression, preventing
ferroptosis and nonalcoholic fatty liver disease in obese mice [198].

6.8. Berberine

In East Asia, the isoquinoline alkaloid berberine is used to cure a wide range of
diseases, including cognitive decline, obesity, type 2 diabetes mellitus, cardiovascular
disease, atherosclerosis, and osteoporosis [199]. Although no clinical studies have been
carried out, berberine shows significant improvement in memory in several animal models
of AD [200]. Besides its anti-inflammatory and anti-oxidative effects, berberine strongly
improves glucose uptake in the brain [201] by increasing Glut3 expression and Glut1
activity [202].

6.9. Curcumin

Curcumin is a polyphenolic diketone from turmeric with antioxidant, anti-inflammatory,
anti-cancer, anti-microbial, and hypoglycemic properties [203]. It reduces blood glucose
and oxidative stress and increases plasma insulin in diabetic mice [204]. Consistent with
these results, the insulin/Akt2/Glut4 pathway was upregulated in skeletal muscle cells [205]
(Figure 3, magenta circle). Moreover, curcumin is a brain-permeable iron chelator [206], has a
high binding affinity for amyloid β, and directly mitigates amyloid ß aggregation [207,208].
However, its anti-cancer properties might rely on the inhibition of the transport activity of
Glut1 [209].

6.10. Icariin

The flavonoid compound icariin is a bioactive constituent of Herba Epimedii. There
is striking evidence that icariin ameliorates the comorbidities of type 2 diabetes mellitus:
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cardiomyopathy [210], retinopathy [211], wound healing [212], osteoporosis [213], chronic
kidney disease [214], and obesity [215]. It even improves pancreatic functions and hyper-
glycemia [216]. In liver cells that are unresponsive to insulin, increased activity of the
protein tyrosine phosphatase 1B dephosphorylates the insulin receptor [217]. Inhibition of
this enzyme by icariin increases the amount of Glut4, phosphorylates and thereby activates
insulin receptors and glycogen synthase.

In the brains of transgenic AD mice, icariin restored insulin signaling and the phos-
phorylation levels of the insulin receptor ß chain, insulin receptor substrate, GSK3ß, and
Akt [218]. Glut1 and Glut3 levels were also markedly increased. Icariin improved learning
and memory impairments in animal models of AD and depression, although it cannot
effectively penetrate the blood–brain barrier [219]. The mechanism of these indirect ef-
fects is still unknown, but changes in the systemic iron metabolism might be involved
because icariin increases hepatic hepcidin expression [220]. Reduced iron availability might
also be linked to suppression of ferroptosis in synoviocytes [221] and activation of HIF1α
in chondrocytes [222]. In addition, icariin protects against iron-overload-induced bone
loss [223].

7. Conclusions

Aging is linked to a slow decrease in estrogen and growth factors, low-grade inflam-
mation, and anemia [4]. Anemia is even recognized as a risk factor for increased morbidity
and mortality [224]. Low-grade systemic inflammation with higher levels of interleukin
6 activates hepcidin, thus impairing the duodenal absorption of iron and the release of iron
from macrophages and hepatocytes, leading to a decline in circulating iron and increased
iron storage in the liver. High serum CRP and ferritin levels point to a fat liver with iron
deposits and anemia [225]. Tomczyk et al. [226] proved the direct link between glucose
availability, interleukin 6, and iron metabolism. In their study, glucose but not fructose
supplementation abrogated exercise-induced increases in hepcidin and IL6 levels. On the
contrary, an unhealthy diet with a lot of sweets, a sedentary lifestyle, and obesity are linked
to decreased cellular glucose import and elevated levels of proinflammatory cytokines and
serum hepcidin.

Anti-inflammatory therapies or oral iron supplementation decelerate disease progres-
sion, but they do not treat the root cause of energy depletion. Instead, improved Akt
signaling and glucose uptake must be the final aim. In the cell, this is achieved in two
different directions: HIF1α increases the expression of glucose transporters, while the
energy sensor AMPK increases glucose import via the Akt2/Glut4 pathway. Both proteins
are activated by iron depletion [116,167], thereby causing iron deficiency and, further on,
anemia. Supporting these physiological approaches to activate HIF1α by HIF-prolyl hy-
droxylase inhibitors or AMPK by metformin [164] might prevent anemia [169] and protect
from mitochondrial dysfunction.

In a retrospective study, Silverburg et al. demonstrated that subcutaneous erythropoi-
etin and intravenous iron not only improved anemia but also cardiac and renal functions in
patients with heart failure [227]. These patients often have an iron-deficient state, which
can limit erythropoiesis in erythroid precursors and ATP production in cardiomyocytes.

Neurodegenerative diseases most often present with cellular iron deficiency, energy
depletion, and inflammation. However, the underlying cellular glucose deprivation re-
mains obscure. The brain is most susceptible to glucose deprivation. Only astrocytes
have glycogen stores. Glucose transport into the brain is near its maximum and relies
on saturable transporters at the blood–brain barrier. Almost all of the imported glucose
is used. Decreased glucose transport across the blood–brain barrier and into neurons—
caused by obesity, older age, hyperglycemia, insulin resistance, or reduced neurotransmitter
signaling—can drive a starving brain into dysfunction. Tkacheva et al. could even distin-
guish patients with dementia from patients with minor cognitive impairment due to the
severity of anemia, depression, and malnutrition, among other parameters [228].
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The occurrence of iron deficiency/anemia in the development of all the diseases
presented in the graphical abstract is at best noticed, although it might further help to
clarify more fundamental mechanisms involved in disease progression. Recognizing a
significant drop in hemoglobin as a sign of local glucose deprivation should start a clinical
search for the underlying causes in order to prevent a vicious cycle where different diseases,
such as insulin resistance and iron deficiency, affect each other (graphical abstract; [229]).
Nutrition or the precautionary intake of phytochemicals with their anti-inflammatory
effect might also help to improve cellular glucose import (Table 1). Iron deficiency and
inflammation then resolve on their own.
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anxiolytic-like effects of mild hypobaric hypoxia in mice: Possible involvement of neuropeptide Y. Acta Neurobiol. Exp. Wars 2015,
75, 364–371.

112. Cai, M.; Chen, X.; Shan, J.; Yang, R.; Guo, Q.; Bi, X.; Xu, P.; Shi, X.; Chu, L.; Wang, L. Intermittent Hypoxic Preconditioning: A
Potential New Powerful Strategy for COVID-19 Rehabilitation. Front. Pharmacol. 2021, 12, 643619. [CrossRef] [PubMed]

113. Qi, R.; Xie, Y.; Zhang, X.; Jiang, S.; Liu, X.; Xie, W.; Jia, X.; Bade, R.; Liu, Y.; Gong, K.; et al. Possible Involvement of DNA
Methylation in TSC1 Gene Expression in Neuroprotection Induced by Hypoxic Preconditioning. Oxidative Med. Cell. Longev.
2022, 2022, 9306097. [CrossRef] [PubMed]

114. Zhang, J.; Zhang, J.; Li, X.J.; Xiao, J.; Ye, F. Hypoxic Preconditioning Ameliorates Amyloid-β Pathology and Longterm Cognitive
Decline in AβPP/PS1 Transgenic Mice. Curr. Alzheimer Res. 2020, 17, 626–634. [CrossRef] [PubMed]

115. Ollonen, T.; Kurkela, M.; Laitakari, A.; Sakko, S.; Koivisto, H.; Myllyharju, J.; Tanila, H.; Serpi, R.; Koivunen, P. Activation of the
hypoxia response protects mice from amyloid-β accumulation. Cell. Mol. Life Sci. 2022, 79, 432. [CrossRef]

116. Huang, X.; Zhang, Y.; Qi, B.; Sun, K.; Liu, N.; Tang, B.; Fang, S.; Zhu, L.; Wei, X. HIF-1α: Its notable role in the maintenance of
oxygen, bone and iron homeostasis (Review). Int. J. Mol. Med. 2022, 50, 141. [CrossRef] [PubMed]

117. Williams, K.J.; Telfer, B.A.; Airley, R.E.; Peters, H.P.; Sheridan, M.R.; van der Kogel, A.J.; Harris, A.L.; Stratford, I.J. A protective
role for HIF-1 in response to redox manipulation and glucose deprivation: Implications for tumorigenesis. Oncogene 2002, 21,
282–290. [CrossRef]

https://doi.org/10.1038/s41598-021-93663-1
https://www.ncbi.nlm.nih.gov/pubmed/34239013
https://doi.org/10.1073/pnas.2017225118
https://www.ncbi.nlm.nih.gov/pubmed/33431651
https://doi.org/10.3389/fphar.2020.00702
https://doi.org/10.1073/pnas.1115634109
https://doi.org/10.1016/j.bcp.2017.11.019
https://doi.org/10.1002/alz.12305
https://doi.org/10.1002/ajmg.1320260427
https://doi.org/10.1016/j.bbagen.2018.12.013
https://doi.org/10.1016/j.cell.2016.08.010
https://doi.org/10.1385/JMN:14:3:197
https://www.ncbi.nlm.nih.gov/pubmed/10984196
https://doi.org/10.1128/IAI.01003-12
https://doi.org/10.4149/endo_2014_01_35
https://doi.org/10.3389/fimmu.2019.01789
https://www.ncbi.nlm.nih.gov/pubmed/31428093
https://doi.org/10.1016/j.cmet.2019.06.005
https://www.ncbi.nlm.nih.gov/pubmed/31257151
https://doi.org/10.14336/AD.2020.0320
https://doi.org/10.3390/antiox11061043
https://doi.org/10.1016/j.brainres.2018.09.018
https://doi.org/10.3389/fphar.2021.643619
https://www.ncbi.nlm.nih.gov/pubmed/33995053
https://doi.org/10.1155/2022/9306097
https://www.ncbi.nlm.nih.gov/pubmed/36120601
https://doi.org/10.2174/1567205017666201007121730
https://www.ncbi.nlm.nih.gov/pubmed/33030131
https://doi.org/10.1007/s00018-022-04460-6
https://doi.org/10.3892/ijmm.2022.5197
https://www.ncbi.nlm.nih.gov/pubmed/36300198
https://doi.org/10.1038/sj.onc.1205047


Biomedicines 2023, 11, 2421 20 of 24

118. Wang, P.; Cui, Y.; Liu, Y.; Li, Z.; Bai, H.; Zhao, Y.; Chang, Y.Z. Mitochondrial ferritin alleviates apoptosis by enhancing
mitochondrial bioenergetics and stimulating glucose metabolism in cerebral ischemia reperfusion. Redox Biol. 2022, 57, 102475.
[CrossRef]

119. Muhammad, J.S.; ElGhazali, G.; Shafarin, J.; Mohammad, M.G.; Abu-Qiyas, A.; Hamad, M. SARS-CoV-2-induced hypomethyla-
tion of the ferritin heavy chain (FTH1) gene underlies serum hyperferritinemia in severe COVID-19 patients. Biochem. Biophys.
Res Commun. 2022, 631, 138–145. [CrossRef]

120. Wang, Y.; Wang, M.; Liu, Y.; Tao, H.; Banerjee, S.; Srinivasan, S.; Nemeth, E.; Czaja, M.J.; He, P. Integrated regulation of stress
responses, autophagy and survival by altered intracellular iron stores. Redox Biol. 2022, 55, 102407. [CrossRef]

121. Sun, P.; Chen, H.C.; Lu, S.; Hai, J.; Guo, W.; Jing, Y.H.; Wang, B. Simultaneous Sensing of H2S and ATP with a Two-Photon
Fluorescent Probe in Alzheimer’s Disease: Toward Understanding Why H2S Regulates Glutamate-Induced ATP Dysregulation.
Anal. Chem. 2022, 94, 11573–11581. [CrossRef]

122. Da Silva, J.P.; Wargny, M.; Raffin, J.; Croyal, M.; Duparc, T.; Combes, G.; Genoux, A.; Perret, B.; Vellas, B.; Guyonnet, S.; et al.
Plasma level of ATPase inhibitory factor 1 (IF1) is associated with type 2 diabetes risk in humans: A prospective cohort study.
Diabetes Metab. 2022, 49, 101391. [CrossRef]

123. Wolff, N.A.; Ghio, A.J.; Garrick, L.M.; Garrick, M.D.; Zhao, L.; Fenton, R.A.; Thévenod, F. Evidence for mitochondrial localization
of divalent metal transporter 1 (DMT1). FASEB J. 2014, 28, 2134–2145. [CrossRef] [PubMed]

124. Choi, S.J.; Shin, I.J.; Je, K.H.; Min, E.K.; Kim, E.J.; Kim, H.S.; Choe, S.; Kim, D.E.; Lee, D.K. Hypoxia antagonizes glucose
deprivation on interleukin 6 expression in an Akt dependent, but HIF-1/2α independent manner. PLoS ONE 2013, 8, e58662.
[CrossRef]

125. Ameka, M.; Hasty, A.H. Paying the Iron Price: Liver Iron Homeostasis and Metabolic Disease. Compr. Physiol. 2022, 12, 3641–3663.
126. Santana-Codina, N.; Del Rey, M.Q.; Kapner, K.S.; Zhang, H.; Gikandi, A.; Malcolm, C.; Poupault, C.; Kuljanin, M.; John, K.M.;

Biancur, D.E.; et al. NCOA4-Mediated Ferritinophagy Is a Pancreatic Cancer Dependency via Maintenance of Iron Bioavailability
for Iron-Sulfur Cluster Proteins. Cancer Discov. 2022, 12, 2180–2197. [CrossRef] [PubMed]

127. Zhou, Y.J.; Duan, D.Q.; Lu, L.Q.; Tang, L.J.; Zhang, X.J.; Luo, X.J.; Peng, J. The SPATA2/CYLD pathway contributes to doxorubicin-
induced cardiomyocyte ferroptosis via enhancing ferritinophagy. Chem. Biol. Interact. 2022, 368, 110205. [CrossRef] [PubMed]

128. Li, D.; Jiang, C.; Mei, G.; Zhao, Y.; Chen, L.; Liu, J.; Tang, Y.; Gao, C.; Yao, P. Quercetin Alleviates Ferroptosis of Pancreatic β Cells
in Type 2 Diabetes. Nutrients 2020, 12, 2954. [CrossRef]

129. Stancic, A.; Velickovic, K.; Markelic, M.; Grigorov, I.; Saksida, T.; Savic, N.; Vucetic, M.; Martinovic, V.; Ivanovic, A.; Otasevic, V.
Involvement of Ferroptosis in Diabetes-Induced Liver Pathology. Int. J. Mol. Sci. 2022, 23, 9309. [CrossRef]

130. Kim, S.; Kang, S.W.; Joo, J.; Han, S.H.; Shin, H.; Nam, B.Y.; Park, J.; Yoo, T.H.; Kim, G.; Lee, P.; et al. Characterization of ferroptosis
in kidney tubular cell death under diabetic conditions. Cell Death Dis. 2021, 12, 160. [CrossRef]

131. Zhang, Y.; Wang, M.; Chang, W. Iron dyshomeostasis and ferroptosis in Alzheimer’s disease: Molecular mechanisms of cell death
and novel therapeutic drugs and targets for, A.D. Front. Pharmacol. 2022, 13, 983623. [CrossRef]

132. Rogers, J.T.; Xia, N.; Wong, A.; Bakshi, R.; Cahill, C.M. Targeting the Iron-Response Elements of the mRNAs for the Alzheimer’s
Amyloid Precursor Protein and Ferritin to Treat Acute Lead and Manganese Neurotoxicity. Int. J. Mol. Sci. 2019, 20, 994.
[CrossRef] [PubMed]

133. Zhang, M.W.; Yang, G.; Zhou, Y.F.; Qian, C.; Mu, M.D.; Ke, Y.; Qian, Z.M. Regulating ferroportin-1 and transferrin receptor-1
expression: A novel function of hydrogen sulfide. J. Cell. Physiol. 2019, 234, 3158–3169. [CrossRef] [PubMed]

134. Crapper McLachlan, D.R.; Dalton, A.J.; Kruck, T.P.; Bell, M.Y.; Smith, W.L.; Kalow, W.; Andrews, D.F. Intramuscular desferrioxam-
ine in patients with Alzheimer’s disease. Lancet 1991, 337, 1304–1308. [CrossRef] [PubMed]

135. Xiao, Y.; Gong, X.; Deng, R.; Liu, W.; Yang, Y.; Wang, X.; Wang, J.; Bao, J.; Shu, X. Iron Chelation Remits Memory Deficits Caused
by the High-Fat Diet in a Mouse Model of Alzheimer’s Disease. J. Alzheimer’s Dis. 2022, 86, 1959–1971. [CrossRef] [PubMed]

136. Nuñez, M.T.; Chana-Cuevas, P. New Perspectives in Iron Chelation Therapy for the Treatment of Neurodegenerative Diseases.
Pharmaceuticals 2018, 11, 109. [CrossRef]

137. Hasan-Olive, M.M.; Lauritzen, K.H.; Ali, M.; Rasmussen, L.J.; Storm-Mathisen, J.; Bergersen, L.H. A Ketogenic Diet Improves
Mitochondrial Biogenesis and Bioenergetics via the PGC1α-SIRT3-UCP2 Axis. Neurochem. Res. 2019, 44, 22–37. [CrossRef]

138. Yang, Y.; Wang, X.; Xiao, A.; Han, J.; Wang, Z.; Wen, M. Ketogenic diet prevents chronic sleep deprivation-induced Alzheimer’s
disease by inhibiting iron dyshomeostasis and promoting repair via Sirt1/Nrf2 pathway. Front. Aging Neurosci. 2022, 14, 998292.
[CrossRef]

139. Zaki, H.A.; Iftikhar, H.; Bashir, K.; Gad, H.; Samir Fahmy, A.; Elmoheen, A. A Comparative Study Evaluating the Effectiveness
Between Ketogenic and Low-Carbohydrate Diets on Glycemic and Weight Control in Patients With Type 2 Diabetes Mellitus: A
Systematic Review and Meta-Analysis. Cureus 2022, 14, e25528. [CrossRef]

140. Danan, A.; Westman, E.C.; Saslow, L.R.; Ede, G. The Ketogenic Diet for Refractory Mental Illness: A Retrospective Analysis of 31
Inpatients. Front. Psychiatry 2022, 13, 951376. [CrossRef]

141. Qiao, Q.; Qu, Z.; Tian, S.; Cao, H.; Zhang, J.; Sun, C.; Jia, L.; Wang, W. Ketogenic Diet Alleviates Hippocampal Neurodegeneration
Possibly via ASIC1a and the Mitochondria-Mediated Apoptotic Pathway in a Rat Model of Temporal Lobe Epilepsy. Neuropsychiatr.
Dis. Treat. 2022, 18, 2181–2198. [CrossRef]

142. Chen, N.; Hao, C.; Peng, X.; Lin, H.; Yin, A.; Hao, L.; Tao, Y.; Liang, X.; Liu, Z.; Xing, C.; et al. Roxadustat for Anemia in Patients
with Kidney Disease Not Receiving Dialysis. N. Engl. J. Med. 2019, 381, 1001–1010. [CrossRef] [PubMed]

https://doi.org/10.1016/j.redox.2022.102475
https://doi.org/10.1016/j.bbrc.2022.09.083
https://doi.org/10.1016/j.redox.2022.102407
https://doi.org/10.1021/acs.analchem.2c01850
https://doi.org/10.1016/j.diabet.2022.101391
https://doi.org/10.1096/fj.13-240564
https://www.ncbi.nlm.nih.gov/pubmed/24448823
https://doi.org/10.1371/journal.pone.0058662
https://doi.org/10.1158/2159-8290.CD-22-0043
https://www.ncbi.nlm.nih.gov/pubmed/35771492
https://doi.org/10.1016/j.cbi.2022.110205
https://www.ncbi.nlm.nih.gov/pubmed/36195186
https://doi.org/10.3390/nu12102954
https://doi.org/10.3390/ijms23169309
https://doi.org/10.1038/s41419-021-03452-x
https://doi.org/10.3389/fphar.2022.983623
https://doi.org/10.3390/ijms20040994
https://www.ncbi.nlm.nih.gov/pubmed/30823541
https://doi.org/10.1002/jcp.27431
https://www.ncbi.nlm.nih.gov/pubmed/30370692
https://doi.org/10.1016/0140-6736(91)92978-B
https://www.ncbi.nlm.nih.gov/pubmed/1674295
https://doi.org/10.3233/JAD-215705
https://www.ncbi.nlm.nih.gov/pubmed/35253768
https://doi.org/10.3390/ph11040109
https://doi.org/10.1007/s11064-018-2588-6
https://doi.org/10.3389/fnagi.2022.998292
https://doi.org/10.7759/cureus.25528
https://doi.org/10.3389/fpsyt.2022.951376
https://doi.org/10.2147/NDT.S376979
https://doi.org/10.1056/NEJMoa1813599
https://www.ncbi.nlm.nih.gov/pubmed/31340089


Biomedicines 2023, 11, 2421 21 of 24

143. Mohamed, M.M.G.; Oyenuga, M.; Shaikh, S.; Oyenuga, A.; Kheiri, B.; Nwankwo, C. Hypoxia inducible factor-prolyl hydroxylase
inhibitors in anemic patients with non-dialysis dependent chronic kidney disease: A meta-analysis of randomized clinical trials.
Int. Urol. Nephrol. 2022, 55, 167–171. [CrossRef] [PubMed]

144. Nakamura, M.; Imamura, T.; Sobajima, M.; Kinugawa, K. Initial experience of hypoxia-inducible factor prolyl hydroxylase
inhibitors in patients with heart failure and renal anemia. Heart Vessel. 2022, 38, 284–290. [CrossRef] [PubMed]

145. Stanigut, A.M.; Pana, C.; Enciu, M.; Deacu, M.; Cimpineanu, B.; Tuta, L.A. Hypoxia-Inducible Factors and Diabetic Kidney
Disease-How Deep Can We Go? Int. J. Mol. Sci. 2022, 23, 10413. [CrossRef]

146. Wing, P.A.C.; Prange-Barczynska, M.; Cross, A.; Crotta, S.; Orbegozo Rubio, C.; Cheng, X.; Harris, J.M.; Zhuang, X.; Johnson, R.L.;
Ryan, K.A.; et al. Hypoxia inducible factors regulate infectious SARS-CoV-2, epithelial damage and respiratory symptoms in a
hamster COVID-19 model. PLoS Pathog. 2022, 18, e1010807. [CrossRef]

147. Pradeep, S.R.; Lim, S.T.; Thirunavukkarasu, M.; Joshi, M.; Cernuda, B.; Palesty, J.A.; Maulik, N. Protective Effect of Cardiomyocyte-
Specific Prolyl-4-Hydroxylase 2 Inhibition on Ischemic Injury in a Mouse MI Model. J. Am. Coll. Surg. 2022, 235, 240–254.
[CrossRef] [PubMed]

148. Amir, M.S.; Chiba, N.; Seong, C.H.; Kusuyama, J.; Eiraku, N.; Ohnishi, T.; Nakamura, N.; Matsuguchi, T. HIF-1α plays an essential
role in BMP9-mediated osteoblast differentiation through the induction of a glycolytic enzyme, PDK1. J. Cell. Physiol. 2022, 237,
2183–2197. [CrossRef]

149. Saito, H.; Tanaka, T.; Sugahara, M.; Tanaka, S.; Fukui, K.; Wakashima, T.; Nangaku, M. Inhibition of prolyl hydroxylase domain
(PHD) by JTZ-951 reduces obesity-related diseases in the liver, white adipose tissue, and kidney in mice with a high-fat diet. Lab.
Investig. 2019, 99, 1217–1232. [CrossRef]

150. Laitakari, A.; Tapio, J.; Mäkelä, K.A.; Herzig, K.H.; Dengler, F.; Gylling, H.; Walkinshaw, G.; Myllyharju, J.; Dimova, E.Y.; Serpi,
R.; et al. HIF-P4H-2 inhibition enhances intestinal fructose metabolism and induces thermogenesis protecting against NAFLD. J.
Mol. Med. 2020, 98, 719–731. [CrossRef]

151. Laitakari, A.; Huttunen, R.; Kuvaja, P.; Hannuksela, P.; Szabo, Z.; Heikkilä, M.; Kerkelä, R.; Myllyharju, J.; Dimova, E.Y.; Serpi,
R.; et al. Systemic long-term inactivation of hypoxia-inducible factor prolyl 4-hydroxylase 2 ameliorates aging-induced changes
in mice without affecting their life span. FASEB J. 2020, 34, 5590–5609. [CrossRef] [PubMed]

152. Rahtu-Korpela, L.; Määttä, J.; Dimova, E.Y.; Hörkkö, S.; Gylling, H.; Walkinshaw, G.; Hakkola, J.; Kivirikko, K.I.; Myllyharju, J.;
Serpi, R.; et al. Hypoxia-Inducible Factor Prolyl 4-Hydroxylase-2 Inhibition Protects Against Development of Atherosclerosis.
Arterioscler. Thromb. Vasc. Biol. 2016, 36, 608–617. [CrossRef] [PubMed]

153. Rahtu-Korpela, L.; Karsikas, S.; Hörkkö, S.; Blanco Sequeiros, R.; Lammentausta, E.; Mäkelä, K.A.; Herzig, K.H.; Walkinshaw, G.;
Kivirikko, K.I.; Myllyharju, J.; et al. HIF prolyl 4-hydroxylase-2 inhibition improves glucose and lipid metabolism and protects
against obesity and metabolic dysfunction. Diabetes 2014, 63, 3324–3333. [CrossRef] [PubMed]

154. Zheng, X.; Narayanan, S.; Xu, C.; Eliasson Angelstig, S.; Grünler, J.; Zhao, A.; Di Toro, A.; Bernardi, L.; Mazzone, M.; Carmeliet,
P.; et al. Repression of hypoxia-inducible factor-1 contributes to increased mitochondrial reactive oxygen species production in
diabetes. Elife. 2022, 11, e70714. [CrossRef] [PubMed]

155. Hasegawa, S.; Tanaka, T.; Saito, T.; Fukui, K.; Wakashima, T.; Susaki, E.A.; Ueda, H.R.; Nangaku, M. The oral hypoxia-inducible
factor prolyl hydroxylase inhibitor enarodustat counteracts alterations in renal energy metabolism in the early stages of diabetic
kidney disease. Kidney Int. 2020, 97, 934–950. [CrossRef]

156. Zhu, Y.; Wang, Y.; Jia, Y.; Xu, J.; Chai, Y. Roxadustat promotes angiogenesis through HIF-1α/VEGF/VEGFR2 signaling and
accelerates cutaneous wound healing in diabetic rats. Wound Repair Regen. 2019, 27, 324–334. [CrossRef] [PubMed]

157. Song, Y.; Liu, Z.; Zhu, X.; Hao, C.; Hao, W.; Wu, S.; Yang, J.; Lu, X.; Jin, C. Metformin alleviates the cognitive impairment caused
by aluminum by improving energy metabolism disorders in mice. Biochem. Pharmacol. 2022, 202, 115140. [CrossRef]

158. Ji, S.; Zhao, X.; Zhu, R.; Dong, Y.; Huang, L.; Zhang, Z. Metformin and the risk of dementia based on an analysis of 396,332
participants. Ther. Adv. Chronic. Dis. 2022, 13, 20406223221109454.

159. Andersen Wium, I.K.; Osler, M.; Jørgensen, M.B.; Rungby, J.; Wium-Andersen, M.K. Antidiabetic medication and risk of dementia
in patients with type 2 diabetes: A nested case-control study. Eur. J. Endocrinol. 2019, 181, 499–507. [CrossRef]

160. Khandelwal, M.; Manglani, K.; Upadhyay, P.; Azad, M.; Gupta, S. AdipoRon induces AMPK activation and ameliorates
Alzheimer’s like pathologies and associated cognitive impairment in APP/PS1 mice. Neurobiol. Dis. 2022, 174, 105876. [CrossRef]

161. Hosseini, M.J.; Arabiyan, A.; Mobassem, S.; Ghavimi, H. Metformin attenuates depressive-like behaviour of methamphetamine
withdrawal in mice: A mechanistic approach. World J. Biol. Psychiatry 2022, 24, 209–222. [CrossRef]

162. Wium-Andersen, I.K.; Osler, O.; Jørgensen, M.B.; Rungby, J.; Wium-Andersen, M.K. Diabetes, antidiabetic medications and risk of
depression—A population-based cohort and nested case-control study. Psychoneuroendocrinology 2022, 140, 105715. [CrossRef]
[PubMed]

163. Xiong, W.; Sun, K.Y.; Zhu, Y.; Zhang, X.; Zhou, Y.H.; Zou, X. Metformin alleviates inflammation through suppressing FASN-
dependent palmitoylation of Akt. Cell Death Dis. 2021, 12, 934. [CrossRef] [PubMed]

164. Xiao, J.; Li, W.; Li, G.; Tan, J.; Dong, N. STK11 overexpression prevents glucocorticoid-induced osteoporosis via activating the
AMPK/SIRT1/PGC1α axis. Hum. Cell 2022, 35, 1045–1059. [CrossRef]

https://doi.org/10.1007/s11255-022-03300-7
https://www.ncbi.nlm.nih.gov/pubmed/35852713
https://doi.org/10.1007/s00380-022-02181-1
https://www.ncbi.nlm.nih.gov/pubmed/36205772
https://doi.org/10.3390/ijms231810413
https://doi.org/10.1371/journal.ppat.1010807
https://doi.org/10.1097/XCS.0000000000000241
https://www.ncbi.nlm.nih.gov/pubmed/35758926
https://doi.org/10.1002/jcp.30752
https://doi.org/10.1038/s41374-019-0239-4
https://doi.org/10.1007/s00109-020-01903-0
https://doi.org/10.1096/fj.201902331R
https://www.ncbi.nlm.nih.gov/pubmed/32100354
https://doi.org/10.1161/ATVBAHA.115.307136
https://www.ncbi.nlm.nih.gov/pubmed/26848160
https://doi.org/10.2337/db14-0472
https://www.ncbi.nlm.nih.gov/pubmed/24789921
https://doi.org/10.7554/eLife.70714
https://www.ncbi.nlm.nih.gov/pubmed/35164902
https://doi.org/10.1016/j.kint.2019.12.007
https://doi.org/10.1111/wrr.12708
https://www.ncbi.nlm.nih.gov/pubmed/30817065
https://doi.org/10.1016/j.bcp.2022.115140
https://doi.org/10.1530/EJE-19-0259
https://doi.org/10.1016/j.nbd.2022.105876
https://doi.org/10.1080/15622975.2022.2086294
https://doi.org/10.1016/j.psyneuen.2022.105715
https://www.ncbi.nlm.nih.gov/pubmed/35338947
https://doi.org/10.1038/s41419-021-04235-0
https://www.ncbi.nlm.nih.gov/pubmed/34642298
https://doi.org/10.1007/s13577-022-00704-6


Biomedicines 2023, 11, 2421 22 of 24

165. Mannucci, E.; Gallo, M.; Giaccari, A.; Candido, R.; Pintaudi, B.; Targher, G.; Monami, M. SID-AMD joint panel for Italian
Guidelines on Treatment of Type 2 Diabetes. Effects of glucose-lowering agents on cardiovascular and renal outcomes in subjects
with type 2 diabetes: An updated meta-analysis of randomized controlled trials with external adjudication of events. Diabetes
Obes. Metab. 2022, 25, 444–453.

166. Molaei, A.; Molaei, E.; Sadeghnia, H.; Hayes, A.W.; Karimi, G. LKB1: An emerging therapeutic target for cardiovascular diseases.
Life Sci. 2022, 306, 120844. [CrossRef]

167. Krishan, S.; Richardson, D.R.; Sahni, S. The Anticancer Agent, Di-2-Pyridylketone 4,4-Dimethyl-3-Thiosemicarbazone (Dp44mT),
Up-Regulates the AMPK-Dependent Energy Homeostasis Pathway in Cancer Cells. Biochim. Biophys. Acta. 2016, 1863, 2916–2933.
[CrossRef]

168. Stynen, B.; Abd-Rabbo, D.; Kowarzyk, J.; Miller-Fleming, L.; Aulakh, S.K.; Garneau, P.; Ralser, M.; Michnick, S.W. Changes of Cell
Biochemical States Are Revealed in Protein Homomeric Complex Dynamics. Cell 2018, 175, 1418–1429.e9. [CrossRef]

169. Pastor-Soler, N.M.; Li, H.; Pham, J.; Rivera, D.; Ho, P.Y.; Mancino, V.; Saitta, B.; Hallows, K.R. Metformin improves relevant
disease parameters in an autosomal dominant polycystic kidney disease mouse model. Am. J. Physiol. Renal Physiol. 2022, 322,
F27–F41. [CrossRef] [PubMed]

170. Calkin, C.; McClelland, C.; Cairns, K.; Kamintsky, L.; Friedman, A. Insulin resistance and blood-brain barrier dysfunction underlie
neuroprogression in bipolar disorder. Front. Psychiatry 2021, 12, 4–5. [CrossRef]

171. Hamstra, S.I.; Roy, B.D.; Tiidus, P.; MacNeil, A.J.; Klentrou, P.; MacPherson, R.E.K.; Fajardo, V.A. Beyond its psychiatric use: The
benefits of low dose lithium supplementation. Curr. Neuropharmacol. 2022, 21, 891–910. [CrossRef]

172. Ishii, N.; Terao, T.; Hirakawa, H. The Present State of Lithium for the Prevention of Dementia Related to Alzheimer’s Dementia in
Clinical and Epidemiological Studies: A Critical Review. Int. J. Environ. Res. Public Health 2021, 18, 7756. [CrossRef] [PubMed]

173. Ates, N.; Caglayan, A.; Balcikanli, Z.; Sertel, E.; Beker, M.C.; Dilsiz, P.; Caglayan, A.B.; Celik, S.; Dasdelen, M.F.; Caglayan, B.; et al.
Phosphorylation of PI3K/Akt at Thr308, but not phosphorylation of MAPK kinase, mediates lithium-induced neuroprotection
against cerebral ischemia in mice. Exp. Neurol. 2022, 351, 113996. [CrossRef]

174. Gherardelli, C.; Cisternas, P.; Inestrosa, N.C. Lithium Enhances Hippocampal Glucose Metabolism in an In Vitro Mice Model of
Alzheimer’s Disease. Int. J. Mol. Sci. 2022, 23, 8733. [CrossRef] [PubMed]

175. Sundar Dhilip Kumar, S.; Houreld, N.N.; Abrahamse, H. Therapeutic Potential and Recent Advances of Curcumin in the
Treatment of Aging-Associated Diseases. Molecules 2018, 23, 835. [CrossRef] [PubMed]

176. Orgogozo, J.M.; Dartigues, J.F.; Lafont, S.; Letenneur, L.; Commenges, D.; Salamon, R.; Renaud, S.; Breteler, M.B. Wine
consumption and dementia in the elderly: A prospective community study in the Bordeaux area. Rev. Neurol. 1997, 153, 185–192.

177. Al-Awwadi, N.A.; Bornet, A.; Azay, J.; Araiz, C.; Delbosc, S.; Cristol, J.P.; Linck, N.; Cros, G.; Teissedre, P.L. Red wine polyphenols
alone or in association with ethanol prevent hypertension, cardiac hypertrophy, and production of reactive oxygen species in the
insulin-resistant fructose-fed rat. J. Agric. Food Chem. 2004, 52, 5593–5597. [CrossRef]

178. Granzotto, A.; Zatta, P. Resveratrol and Alzheimer’s disease: Message in a bottle on red wine and cognition. Front. Aging Neurosci.
2014, 6, 95. [CrossRef]

179. Kubo, J.T.; Stefanick, M.L.; Robbins, J.; Wactawski-Wende, J.; Cullen, M.R.; Freiberg, M.; Desai, M. Preference for wine is associated
with lower hip fracture incidence in post-menopausal women. BMC Women’s Health 2013, 13, 36. [CrossRef]

180. Ding, C.; O’Neill, D.; Bell, S.; Stamatakis, E.; Britton, A. Association of alcohol consumption with morbidity and mortality in
patients with cardiovascular disease: Original data and meta-analysis of 48,423 men and women. BMC Med. 2021, 19, 167.
[CrossRef]

181. Yousuf, S.; Shabir, S.; Singh, M.P. Protection Against Drug-Induced Liver Injuries Through Nutraceuticals via Amelioration of
Nrf-2 Signaling. J. Am. Nutr. Assoc. 2022, 42, 495–515. [CrossRef]

182. Zhang, Q.; Liu, J.; Duan, H.; Li, R.; Peng, W.; Wu, C. Activation of Nrf2/HO-1 signaling: An important molecular mechanism of
herbal medicine in the treatment of atherosclerosis via the protection of vascular endothelial cells from oxidative stress. J. Adv.
Res. 2021, 34, 43–63. [CrossRef]

183. Iwasaki, K.; Ray, P.D.; Huang, B.W.; Sakamoto, K.; Kobayashi, T.; Tsuji, Y. Role of AMP-activated protein kinase in ferritin H gene
expression by resveratrol in human T cells. Biochemistry 2013, 52, 5075–5083. [CrossRef] [PubMed]
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