
Received: 25 September 2021 Revised: 22 December 2021 Accepted: 29 January 2022

DOI: 10.1002/brb3.2527

R E V I EW

Effect of metal ions on Alzheimer’s disease
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Abstract

Alzheimer’s disease (AD) is a degenerative disease of the nervous system. The typical

pathological changes of AD are Aβ deposition, neurofibrillary tangles, neuron loss, and
chronic inflammation. The balance ofmetal ions is essential for numerous physiological

functions, especially in the central nervous system. More studies showed that metal

ions participate in the development of AD. However, the involvement of metal ions in

AD is controversial. Thus, we reviewed articles about the relationship between metal

ions and AD and discussed some contradictory reports in order to better understand

the role of metal ions in AD.
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1 INTRODUCTION

Alzheimer’s disease (AD) is a kind of dementia, of which the main clin-

ical feature is progressive mental decline. Patients can show not only

cognitive dysfunction but also have abnormal mental behavior and

movement disorders (Engelhardt and Laks 2008). AD severely impairs

the geriatrics quality of life and also adds great pressure to the fam-

ily and society. Dementia is a global problem. The worldwide cost of

dementia is increasing yearly. It is expected to reach 2.54 trillion US

dollars in 2030 and 9.12 trillionUS dollars in 2050 (Jia et al. 2018). This

urgently requires us to devote ourselves to the research of AD with a

more positive attitude.

Within the physiological range, metal elements such as iron (Fe),

zinc (Zn), copper (Cu), and manganese (Mn) play an indispensable role

in body growth, metabolism, and brain development; the imbalance of

metal ions is related to various diseases of the human body. In-depth

studies have found that metal ions can participate in various mecha-

nisms related to the pathogenesis of AD, such as protein deposition,

neurofibrillary tangles (NFTs), oxidative stress, neuroinflammation,

and neuronal loss (Su et al. 2007) (see Figure 1). Given that AD is a
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disease with many risk factors and complex pathogeneses, a compre-

hensive understanding of the relationship between metals and AD can

not only provide directions for us to takemeasures against the damage

of metal ions before the disease but also provide targeted goals for

treatment. This article reviews the current relationship between Cu

ion, Fe ion, Zn ion, Mn ion, and AD.

2 ROLE OF METAL IONS IN AD

2.1 Copper

Cu is a trace element with redox activity in the human body and is

widely distributed in the brain. Cu can be used as a cofactor or struc-

tural component of various enzymes, involving cell respiration, free

radical detoxification, Fe metabolism, and the synthesis of neurotrans-

mitters, neuropeptides, and hormones (Pena et al. 1999).

Ceruloplasmin is an α2 glycoprotein that has antioxidant properties.
Ceruloplasmin participates in Cu transport and Femetabolism. Cerulo-

plasmin is the primary form of Cu in the blood (Holmberg et al. 1948;
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F IGURE 1 Partial mechanism of metal in AD. ADmay involvemultiple aspects, including Aβmetabolic disorders, Tau protein
hyperphosphorylation, genemutations, oxidative stress and free radical damage, cholinergic neuron loss, inflammatory damage, and so on.Metal
ions regulate AD development by participating in these physiological processes

Yang et al. 2021). In the past few years, many studies have revealed

a link between the pathogenesis of AD and abnormal Cu metabolism,

genetic evidence suggests that the gene controlling the Cu pathway is

a susceptibility gene for AD, which has been confirmed in several stud-

ies (Bucossi et al. 2012; Squitti et al. 2021; Squitti et al. 2013). Changes

in Cu levels in serum, plasma, cerebrospinal fluid (CSF), and brain are

associated with the development of cognitive deficits and AD (Squitti

et al. 2014). Restoration of ceruloplasmin in the ADmouse brain could

reduce thedamageof hippocampal neurons (Zhaoet al. 2018), suggest-

ing the neuroprotective effect of ceruloplasmin. Although most Cu in

the plasma is stably bound to ceruloplasmin, some are unstable with

other molecules, such as albumin and globulin. It was found that the

level of non-ceruloplasmin-boundCu (non-Cp-Cu) increased in AD and

mild cognitive impairment (MCI) (Squitti et al. 2011), and it is suggested

that the increase of non-Cp-Cu may be an indicator to predict the pro-

gression of MCI to AD. Further studies showed that non-Cp-Cu lev-

els increased in the early stages of MCI. During 6 years of observa-

tion, 50% ofMCI subjects with elevated non-Cp-Cu developed into AD

patients within 4 years (Squitti et al. 2014).

β-Amyloid (Aβ) is produced by β-amyloid precursor protein (APP)

through proteolysis of β- and γ-secretase. Cu promotes the formation

of Aβ plaques (Kitazawa et al. 2009). On the other hand, the Cu2+–Aβ
complex can catalyzeO2 to produce hydrogen peroxide (H2O2). Exces-

siveH2O2 generates a largenumberof free radicals through theFenton

reaction, causing a series of lipid peroxidation, protein and DNA dam-

age. Nguyen et al. (2015) demonstrated that bis-8 (aminoquinoline) lig-

ands could catalytically extract Cu2+ from Cu2+–Aβ, the Cu- is then

fully released in the presence of glutathione, forming a Cu–glutathione

complex, which is an efficient biological ligand of Cu- that is able to

deliver Cu ions for the formation of Cu–proteins. At present, chelating

agents that can specifically bind metal ions may be an important strat-

egy for the treatment of AD (Fu et al. 2016).

Similarly, Cu can also bind to Tau proteins and promote the for-

mation of NFTs (Bacchella et al. 2020). In addition, Tau combined

with Cu shows redox activity. Tau can reduce Cu ions and pro-

mote the generation of a series of reactive oxygen species (ROS)

(Su et al. 2007). Although both Tau and Aβ are critical pathologi-

cal changes in AD, the exact effects of Cu and Tau on AD have not

been thoroughly studied and require further investigation to find this

association.

Studies have found thatCu can increasebrain inflammation andpro-

mote secretion of more proinflammatory factors, such as interleukin-

1β (IL-1β), tumor necrosis factor-alpha (TNF-α), and IL-6, and down-

regulate the expression of LRP1 (Kitazawa et al. 2016), indicating that

the inflammation promoted by Cu is one of the ways affecting the

development of AD. In addition, microglia-induced neuroinflammation

is closely related to AD. Cu2+ can activate nuclear factor κB (NF-

κB)-dependent microglia and produce mitochondrial ROS, and release

nitric oxide (NO) and TNF-α in a time- and dose-dependent manner.

The inhibition of TNF-α or NO alone does not reduce neuronal death.

Still, the combined inhibitionofTNF-αandNOcould achieve this effect,

so it is speculated that the combination of TNF-α and NO could cause

neuronal damage (Hu et al. 2014). The application of ROS scavengers

can inhibit the neurotoxicity produced by NO and TNF-α, indicating
that the NO and TNF-α produced by microglia and the neurotoxicity

mediated by themmay be related to themitochondrial ROS-NF-κB sig-

nal activated by Cu2+ (Hu et al. 2014).

Cu is also involved in the synthesis of neurotransmitters (Spencer

et al. 2011). Most previous studies have shown that Cu can inhibit

glutamate receptor activity (Vlachova et al. 1996; Weiser and Wien-

rich 1996). Later, it was found that the regulation of synaptic func-

tion by Cu is not static but has a dual role: acute Cu exposure

can inhibit the activity of N-methyl-D-aspartate receptors (NMDAR)

and α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptors

(AMPAR),while chronicCuexposure could increase the functionof glu-

tamate receptors (Bacchella et al. 2020), thus affecting learning and

memory.

Cu can increase not only oxidative stress and promote the occur-

rence of AD by interacting with Aβ and Tau but also coregulate neural
functionby increasingbrain inflammationand regulating synaptic func-

tion (D’Ambrosi and Rossi 2015; Hu et al. 2014; Kitazawa et al. 2016;

Su et al. 2007; Spencer et al. 2011). Although the study found that Cu

is closely related to Aβ and Tau pathology, the specific mechanism of

action is still under further exploration.
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2.2 Iron

Fe is a vitalmetal element in the brain that participates in oxygen trans-

port and storage, cellular respiration, neurotransmitters, andDNAsyn-

thesis (Lane et al. 2018). Increased Fe was observed in the brain-

damaged area of AD patients (Maher 2018), which had a significant

correlation with Aβ plaque and Tau pathology (van Duijn et al. 2017).

Ferritin is a protein that stores and regulates Fe. It is related to AD.

Elevated plasma and CSF ferritin levels are a feature of preclinical AD

(Goozee et al. 2018). Elevated ferritin levels suggest elevated Fe levels

in CSF and brain, which may be related to ferroptosis, which is a cell

death pathway caused by lipid peroxide (Acevedo et al. 2019).

Intracellular Fe can regulate the translation of APP. APP mRNA

encodes a functional Fe response element RNA stem-loop, which binds

to Fe regulatory proteins (Rogers et al. 2008). When intracellular Fe

increases, it can upregulate the expression of APP and produce more

Aβ (Becerril-Ortega et al. 2014). Aβ1-42 could reduce the survival rate
of nerve cells, and the presence of Fe3+ makes this situationmore seri-

ous (Nishizaki 2019). Further study found that Aβ1-42 could activate

Caspase-3, Caspase-4, andCaspase-8 in varying degrees, and Fe3+ fur-

ther enhanced the activation of Caspase-3 and Caspase-4 induced by

Aβ1-42, thus promoting nerve cell death (Guo et al. 2013). Excessive Fe

load in the brain can also promote Tau hyperphosphorylation through

cyclin-dependent kinase 5 and glycogen synthase kinase-3β (GSK-3β)
pathways, and then promote the formation of NFTs, while the applica-

tion of deferoxamine in APP/PS1 transgenic mice can inhibit Tau phos-

phorylation (Tsatsanis et al. 2019). On the other hand, insufficient Fe

efflux is considered one of themechanisms of Femetabolismdisorders.

APP plays a vital role in Fe homeostasis by stabilizing ferroportin that

promotes intracellular Fe efflux (Belaidi et al. 2018). The brain Fe level

of APP gene knockout mice significantly increases with age compared

with the control group (Wong et al. 2014). Hyperphosphorylation and

aggregation of Tau, in turn, impairs the transport of APP to the cell

membrane, resulting in Fe accumulation in neurons (Nishizaki 2019).

Finally, all of these lead to a vicious circle of Tau pathology and Fe accu-

mulation.

Mitochondria are the crucial organelles of cellular Femetabolism. A

large amount of ROS will be produced through the Fenton and Haber–

Weiss reactions when Fe is overloaded, which is the primary way for

the body to produce ROS.Mitochondrial ferritin (FtMt) is a kind of fer-

ritin accumulated in the mitochondria, which is related to Fe storage

and distribution and reduces oxidative damage of mitochondria. There

are high levels of FtMtmRNA and protein in the cerebral cortex of AD.

Treating cells with H2O2 can increase FtMt mRNA and protein lev-

els, thus confirming that FtMt may have a neuroprotective effect on

oxidative stress (Wang et al. 2011). In addition, when using Aβ25-35
to deal with FtMt knockout mice, its Bcl-2/Bax ratio decreased, and

the caspase-3 level and poly ADP ribose polymerase activity and cell

death increased; thus, it can be seen that FtMt deficiency can exacer-

bate nervous system damage caused by Aβ25-35 (Wang et al. 2017).

Mitoferrin-1 is the main protein on the mitochondrial membrane that

participates in transporting Fe from the cytoplasm to the mitochon-

dria and is involved in regulating mitochondrial Fe. It is found that

Mitoferrin-1 regulates Femetabolismby changingFe levels in themito-

chondria, theexpressionofFe–sulfur protein and ferritin-relatedgenes

in the Caenorhabditis elegansmodel of AD. Knockdown of mitoferrin-1

could reduce mitochondrial Fe content and reduce the level of mito-

chondrial ROS, and at the same time, Aβ reduction is also observed in

the model (Huang et al. 2018). This shows that Mitoferrin-1 is impor-

tant in developing AD by affecting Fe metabolism and interfering with

mitochondrial function. Mitoferrin-1 is expected to be a new direction

of research in AD.

Ferroptosis is a new mode of death first reported in 2012 (Con-

rad and Friedmann Angeli 2015), which is closely related to various

diseases (Fanzani and Poli 2017). Ferroptosis is characterized by the

accumulation of Fe-dependent ROS, the decrease of glutathione (GSH)

levels, and the inactivation of glutathione peroxidase 4 (GPX4). The

latest study found that ferroptosis suppressor protein 1 (FSP1) plays

a similar role to GPX4 in the process of ferroptosis, but it can pre-

vent lipid peroxidation and ferroptosis independently of the GPX4 and

GSHpathways,whichmaybe related toFSP1-coenzymeQ10 (CoQ10)-

nicotinamideadeninedinucleotidephosphate (NADPH) signalingpath-

way (Doll et al. 2019). Intracellular Fe accumulation can produce ROS

through the Fenton reaction, which can cause oxidative damage of

many vital proteins and trigger a variety of apoptotic signal pathways

(Maher 2018). Lipoxygenase belongs to oxidoreductase, which can cat-

alyze the production of various lipid hydroperoxides from polyunsat-

urated fatty acids, thereby changing the permeability and integrity of

themembrane and promoting the occurrence of ferroptosis. The active

site of lipoxygenase is closely related to the Fe ion. Fe chelating agents

can reduce lipid peroxidation and ferroptosis. GPX4 is an important

antiperoxidase. In the process of ferroptosis, lipid peroxidation caused

by Fe will cause catastrophic membrane rupture when the activity of

GPX4 is reduced (Dixon 2012). GSH is an antioxidant closely related to

the role of GPX4. Studies have found that Fe may specifically promote

cell death when the level of GSH in vivo is reduced, although, at these

concentrations, Fe itself is not toxic (van Duijn et al. 2017).

From another point of view, the above studies suggest the applica-

tion prospect of Fe chelating agents in AD treatment. However, there

are still many problems to be solved in practical work, such as improv-

ing the ability of metal chelating agents to pass through the blood–

brain barrier, enhancing the accuracy of Fe chelating agents, and reduc-

ing excess Fe without affecting the normal physiological function of

metals, so the clinical application of Fe chelating agents still needs to

be optimized.

2.3 Zinc

Zn is the second abundant trace element in human body after Fe. A

meta-analysis based on all relevant studies published between 1984

and 2014 showed a significant reduction in serum Zn levels in patients

with AD (Wang 2015), and the increase in Zn content in the cerebral

cortex is related to Aβ pathology and the severity of dementia (Religa

et al. 2006). With the continuous development of imaging technology,

there are more imaging studies on AD. Positron emission tomography
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imaging found a clear defect in the clearance of Zn ions in brain regions

associated with AD cognitive impairment (DeGrado et al. 2016).

Lovell et al. (1998) reported that a comparison of AD and control

neuropil revealed a significant (p < .05) elevation of Zn in AD sub-

jects and observed that Cu, Fe, and particularly Zn could accelerate

the aggregation of Aβ-peptide (Lovell et al. 1998). Studies using Zn

supplementation as a treatment for AD found that dietary Zn supple-

mentation can reduce Aβ, Tau pathology, and cognitive impairment

in the hippocampus of AD transgenic mice and increase the level of

brain-derived neurotrophic factor (BDNF) in mouse models (Corona

et al. 2010). It is well known that Aβ is produced by APP being cleaved

by β-secretase and γ-secretase, and APP is cut by an enzyme with

α-secretase activity, which produces the N-terminal fragment sAPPα,
which is an effective neurotrophic factor. Zn treatment can reduce

Tau phosphorylation and GSK-3β levels in PC12 cells induced by Aβ
and reduce Aβ by lowering the activity of γ-secretase (Li et al. 2018).

This again proves the neuroprotective effect of Zn. However, some

study show that high-dose zinc treatment will increases the level of

APP and the activity of β-secretase, resulting in increased secretion of
sAPPβ over sAPPα in the transgenic mouse brain. All of these changes

promote the pathology of Aβ (Wang et al. 2010). After using Zn-

containing nanoparticles to increase Zn levels in the brains of ADmice,

Aβ and proinflammatory factors were significantly reduced; increased

brain Zn might be beneficial rescuing some pathological alterations

caused by Zn deficiency (Vilella et al. 2018). As we all know, Aβ and

Tau pathology are essential changes in the pathogenesis of AD. Studies

have found that glutamate neuron excitation-mediated Zn release

increases Tau pathology, which may be due to Zn inhibiting the activity

of protein phosphatase 2A (Sun et al. 2012). This may also explain

why Tau pathology tends to develop in the area where glutamatergic

neurons are abundant. Liang and coworkers (Hu et al. 2017) estab-

lished an inducible cell model and found that Zn ions can promote the

accumulation of Tau protein and produce cytotoxicity. This is because

the combination of Zn ions with specific amino acids of full-length

Tau protein makes it a more easily accumulated structure, and this

accumulation can further amplify Tau protein toxicity by inducing

endogenous Tau protein accumulation and abnormal phosphorylation.

Excessive Zn supplementation can promote Tau protein phosphoryla-

tion and cognitive impairment in mice containing human Tau protein

genes, which further confirms the effect of Zn on Tau pathology

(Craven et al. 2018).

Apolipoprotein E (APOE) is a vital protein in the human body. E2, E3,

and E4 are three known alleles. Among them, the genetic variation of

APOE4 is the most important genetic risk factor for AD, which greatly

increases the incidence of AD. The presence of APOE4 makes human

neuronsmore susceptible to toxic damage and can promote brain atro-

phy, Tau pathology, and Aβ deposition (Wadhwani et al. 2019), which

also explains the phenomenon of cognitive decline in patients carry-

ing the APOE4 gene (Lin et al. 2016). The study found that APOE4

synergizes with Zn ions by activating the Erk pathway, increasing the

degree of Tau phosphorylation in mice and neuronal cells, suggesting

that reducing Zn concentrations may be beneficial for reducing the

pathology of patients with APOE4 gene expression (Harris et al. 2004).

Zn can increase plaque deposition by promoting the accumulation of

APOE/Aβ complexes. Thepresenceof a large amount of Zn in or around

the APOE/Aβ complex may reduce the activity of degrading Aβ pro-

tease or hinder its complete contact with Aβ to function. Consump-

tion of Zn can improve the ability of protease to degrade Aβ (Oh et al.

2020). Like Cu, Zn is also involved in the process of neurotransmis-

sion. Glutamate neurons release Zn and glutamate at the same time.

Zn ions interact with various ion channels and post-synaptic mem-

brane receptors to regulate synaptic plasticity and affect learning and

memory functions and behavioral activities. The excessive release of

glutamate can excessively activate NMDAR and trigger the opening

of related ion channels, promote a significant increase in intracellu-

lar calcium and trigger apoptosis (Arundine and Tymianski 2003). The

autopsy results of an AD patient showed that the level of Zn released

from hippocampal synaptic vesicles was about three times that of the

control group (Bjorklund et al. 2012). In vitro studies have shown that

Zn has a bidirectional effect on extracellular glutamate levels. Gluta-

mate levels were promoted at low Zn concentrations and inhibited

at high Zn concentrations. After applying glutamate uptake blockers,

high concentrations of Zn can also promote the release of glutamate.

Further research indicates that calcium/calmodulin-dependent protein

kinase II (CaMKII) may be related to the mechanism of Zn ions pro-

moting glutamate release, and the excitatory amino acid transporter

maybe related to themechanismof Zn reducing glutamate levels (Shen

et al. 2020).

Neuronal loss is an important feature of AD. The excessive accu-

mulation of Zn in cells can not only change the permeability of lyso-

somes but also hinder mitochondrial energy production and activate

mitochondrial permeability transition pores to increase the generation

and release of the apoptosis factor, thereby mediating neuronal death

(Jiang et al. 2001). Splicing factor proline and glutamine-rich (SFPQ) is

widely present in the nucleus of animal cells, and its expression is most

evident in the cerebral cortex and hippocampus. It is closely related

to transcription, DNA repair, neuronal differentiation, and develop-

ment. The disorder of SFPQ was found in AD and frontotemporal

lobar dementia. The nuclear-cytoplasmic distribution balance of SFPQ

is vital in maintaining the homeostasis of cells and responding to vari-

ous stimuli. Ahigh concentrationofZn in cells can induceSFPQtoaccu-

mulate in the cytoplasm, resulting in abnormal gene regulation (Huang

et al. 2020). The disorder of SFPQand the subsequent disintegration of

DNA and abnormal transcriptionmay be a newway for AD to occur (Lu

et al. 2018).

At present, serum Zn was significantly decreased in AD patients (Li

et al. 2017; Ventriglia et al. 2015). The relationship betweenZn and the

onset of AD still needs further study, but in any case, strict control of

Zn content in the body is necessary.

2.4 Manganese

Mn is a necessary nutrient element to maintain the physiological func-

tions of the human body. In the central nervous system (CNS), Mn is

an essential cofactor for several enzymes, including DNA and RNA
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polymerases, peptidases, carboxylases, superoxide dismutase (SOD),

and glutamine synthetase (GS) (Aschner et al. 2007; Reddi et al. 2009).

Ameta-study found that the serumMn levels are lower in AD patients,

and Mn deficiency may be a risk factor for AD (Du et al. 2017), show-

ing some kind of connection between Mn and AD. However, various

organs will be damaged after excess Mn exposure, especially the CNS,

resulting in a neurodegenerative disease affecting cortical structures

and basal ganglia (Dobson et al. 2004).

The cholinergic theory is widely studied, and currently, there are

drugs for the treatment of AD according to it. The basal forebrain is

a crucial central cholinergic region, establishing the SN56 cells as the

basal forebrain cholinergic neuron model to study the toxicity mecha-

nism of neurons after Mn exposure. The study found that after acute

and long-term Mn exposure, acetylcholine levels decreased, acetyl-

choline transferase activity decreased and acetylcholinesterase activ-

ity increased. It is well known that BDNF can promote the survival

of cholinergic neurons, which is closely related to synaptic plastic-

ity and affect people’s learning and memory functions. However, Mn

exposure can reduce BDNF expression in the rat hippocampus (Wang

et al. 2017). A population study found that occupational Mn exposure

reduced the plasma BDNF and cognitive ability of the population, and

the degree of BDNF decline was positively correlated with the degree

of cognitive impairment (Zou et al. 2014).

It is well known that NF-κB is related to the activation of glial cells

and the production of inflammatory factors (Kirkley et al. 2017). Glial

cells are the main target of Mn. Mn can increase the number of inflam-

matory factors produced by NF-κB-regulatedmicroglia and astrocytes

(Chen et al. 2006; Spranger et al. 1998). Inhibiting NF-κB in glial cells

has anti-inflammatory and neuroprotective effects. In-depth studies

have found that the expressionof inflammatory genes regulatedbyNF-

κB in Mn-treated mixed glial cells (microglia and astrocytes) is signifi-

cantly higher than in singlemicroglia or astrocytes. The survival rate of

neurons inmixed glial cell culture fluid exposed toMnwas significantly

lower than in single glial cell culture fluid. This indicates that the inter-

actionbetweenmicroglia and astrocytes canproducemoredestructive

inflammatory mediators and enhance the neuroinflammatory damage

caused byMn exposure (Popichak et al. 2018).

Mn blocks APP and heavy-chain ferritin protein translation in a

dose- and time-dependent manner, leading to the accumulation of

Fe2+ . Increasing APP expression can partially reduceMn-induced ROS

production and neurotoxicity (Rogers et al. 2019; Venkataramani et al.

2018). On the other hand, Mn can also weaken the body’s antioxi-

dant defense. Mn treatment significantly increased intracellular ROS

and malondialdehyde levels, while GSH levels, SOD, and GPX4 activ-

itywere significantly reduced. Antioxidants applied toMn-treated cells

were able to reverse these results (Bahar et al. 2017). The increase of

Mn concentration initially promoted the increase of oxidative stress.

The increasedoxidative stress in thebody can further lead to the imbal-

ance of Fe3+ and Fe2+ homeostasis, which in turn induces a variety of

Fe-mediated neuronal damage mechanisms, thereby exaggerating the

Mn-induced neurodegeneration (Fernsebner et al. 2014).

Astrocytes are themost abundant glial cells in the brain and are vital

for normal brain function, one of the functions of astrocytes is to reg-

ulate synaptic activity and maintain glutamate levels. Glutamate levels

are increased by the accumulation ofMn in the brain (Fernsebner et al.

2014). This may be due to the GS associated with GS in astrocytes, and

Mn inhibits the glutamate transporter related to glutamate uptake. All

of these results in elevated glutamate levels that mediate neuroexcita-

tory toxicity have been shown to be connected with various neurode-

generative diseases (Deng et al. 2012; Lee et al. 2017).

The Mn pollution in the environment is becoming more serious.

Although MN is an essential metal element for the human body, too

much Mn exposure can disrupt normal nerve function and participate

in AD through neuroinflammation, oxidative stress, neuronal loss, and

regulation of neurotransmitters. The mechanism of this has yet to be

further verified.

3 CONCLUSIONS

The current study found that the pathogenesis of ADmay involve mul-

tiple aspects, including Aβmetabolic disorders, Tau protein hyperphos-

phorylation, gene mutations, oxidative stress and free radical damage,

cholinergic neuron loss, inflammatory damage, and so on. It is also

because of the multiple pathways of AD pathogenesis that it is chal-

lenging to develop drugs for AD. Existing drugs can only improve symp-

toms to a certain extent, and there is a lack of drugs that can prevent

the disease process or reverse its pathophysiological process. A single

factor does not cause AD. It is very challenging to design drugs that

target multiple areas without losing their specificity. A detailed under-

standing of its physiological regulation process, cellular and molecu-

lar mechanisms, and its changes in AD may be able to provide help

for precision treatment. Metal-containing protein may be beneficial or

harmful. How to adjust the balance needs to be noticed in metal chela-

tor research. Since the potential dangers of metals are known, how

can they be prevented in daily life? With the continuous improvement

of our understanding of AD, our treatment should be more targeted.

It may be more beneficial to choose different disease stages of AD

patients or even distinguish specific types and stages of metal imbal-

ance patients.

ACKNOWLEDGMENT

This work was supported by Hebei Provincial Department of Finance

2018-2020 project (361004) andNatural Science Foundation of Hebei

Province (H2020206631).

CONFLICT OF INTEREST

The authors report no conflict of interest.

AUTHOR CONTRIBUTIONS

F. L. have made substantial contributions to conception and design; Z.

Z., L. Z., R. N.M., and J. G. worked on the acquisition, analysis, and inter-

pretation of data; F. L., M. J., M. L., and X. P. W. have been involved in

drafting the manuscript and revising it critically for important intellec-

tual content; X. P.W. have given final approval of the version to be pub-

lished.



6 of 9 LIU ET AL.

CONSENT FOR PUBLICATION

The manuscript is not submitted for publication or consideration else-

where.

DATA AVAILABILITY STATEMENT

All data generated or analyzed during this study are included in this

published article.

PEER REVIEW

The peer review history for this article is available at https://publons.

com/publon/10.1002/brb3.2527

ORCID

Xiao-PengWang https://orcid.org/0000-0001-6754-369X

REFERENCES

Acevedo, K., Masaldan, S., Opazo, C. M., & Bush, A. I. (2019). Redox active

metals in neurodegenerative diseases. Journal of Biological Inorganic
Chemistry, 24(8), 1141–1157.

Arundine, M., & Tymianski, M. (2003). Molecular mechanisms of calcium-

dependent neurodegeneration in excitotoxicity. Cell Calcium, 34, 325–
337. https://doi.org/10.1016/s0143-4160(03)00141-6.

Aschner,M., Guilarte, T. R., Schneider, J. S., & Zheng,W. (2007). Manganese:

recent advances in understanding its transport and neurotoxicity. Tox-
icology and Applied Pharmacology, 221(2), 131–147. https://doi.org/10.
1016/j.taap.2007.03.001.

Bacchella, C., Gentili, S., Bellotti, D., Quartieri, E., Draghi, S., Baratto, M.

C., Remelli, M., Valensin, D., Monzani, E., Nicolis, S., Casella, L., Tegoni,

M., & Dell’Acqua, S. (2020). Binding and reactivity of copper to R1 and

R3 fragments of tau protein. Inorganic Chemistry, 59(1), 274–286. https:
//doi.org/10.1021/acs.inorgchem.9b02266.

Bahar, E., Kim, J., & Yoon, H. (2017). Quercetin attenuates manganese-

induced neuroinflammation by alleviating oxidative stress through reg-

ulation of apoptosis, iNOS/NF-κB and HO-1/Nrf2 pathways. Interna-
tional Journal of Molecular Sciences, 18(9), 1989. https://doi.org/10.3390/
ijms18091989.

Becerril-Ortega, J., Bordji, K., Freret, T., Rush, T., & Buisson, A. (2014).

Iron overload accelerates neuronal amyloid-beta production and cog-

nitive impairment in transgenic mice model of Alzheimer’s disease.

Neurobiology of Aging, 35(10), 2288–2301. https://doi.org/10.1016/j.
neurobiolaging.2014.04.019.

Belaidi, A. A., Gunn, A. P., Wong, B. X., Ayton, S., Appukuttan, A. T., Roberts,

B. R., Duce, J. A., & Bush, A. I. (2018). Marked age-related changes in

brain iron homeostasis in amyloid protein precursor knockoutmice.Neu-
rotherapeutics,15(4), 1055–1062. https://doi.org/10.1007/s13311-018-
0656-x.

Bjorklund, N. J., Sadagoparamanujam, V. M., & Tagliatela, G. (2012). Selec-

tive, quantitative measurement of releasable synaptic zinc in human

autopsy hippocampal brain tissue from Alzheimer’s disease patients.

Journal of Neuroscience Methods, 203(1), 146–151. https://doi.org/10.
1016/j.jneumeth.2011.09.008.

Bucossi, S., Polimanti, R., Mariani, S., Ventriglia, M., Bonvicini, C., Migliore,

S., Manfellotto, D., Salustri, C. Vernieri, F., Rossini, P. M., & Squitti, R.

(2012). Association of K832R and R952K SNPs ofWilson’s disease gene

with Alzheimer’s disease. Journal of Alzheimer’s Disease, 29(4), 913–919.
https://doi.org/10.3233/JAD-2012-111997.

Chen, C. J., Ou, Y. C., Lin, S. Y., Liao, S. L., Chen, S. Y., & Chen, J. H. (2006).

Manganese modulates pro-inflammatory gene expression in activated

glia.Neurochemistry International, 49(1), 62–71. https://doi.org/10.1016/
j.neuint.2005.12.020.

Conrad, M., & Friedmann Angeli, J. P. (2015). Glutathione peroxidase 4

(Gpx4) and ferroptosis: what’s so special about it? Molecular & Cellu-
lar Oncology, 2(3), e995047. https://doi.org/10.4161/23723556.2014.
995047.

Corona, C., Masciopinto, F., Silvestri, E., Del Viscovo, A., Lattanzio, R., La

Sorda, R., Ciavardelli, D., Goglia, F., Piantelli, M., Canzoniero, L. M. T.,

& Sensi, S. L. (2010). Dietary zinc supplementation of 3xTg-AD mice

increases BDNF levels and prevents cognitive deficits as well as mito-

chondrial dysfunction. Cell Death & Disease, 1(10), e91. https://doi.org/
10.1038/cddis.2010.73.

Craven, K. M., Kochen, W. R., Hernandez, C. M., & Flinn, J. M. (2018). Zinc

exacerbates tau pathology in a tau mouse model. Journal of Alzheimer’s
Disease, 64(2), 617–630. https://doi.org/10.3233/JAD-180151.

D’Ambrosi, N., & Rossi, L. (2015) Copper at synapse: Release, binding and

modulation of neurotransmission. Neurochemistry International, 90, 36–
45. https://doi.org/10.1016/j.neuint.2015.07.006.

DeGrado, T. R., Kemp, B. J., Pandey, M. K., Jiang, H., Gunderson, T. M.,

Linscheid, L. R., Woodwick, A. R., McConnell, D. M., Fletcher, J. G.,

Johnson, G. B., Petersen, R. C., Knopman, D. S., & Lowe, V. J. (2016).

First PET imaging studies with 63 Zn-Zinc citrate in healthy human par-

ticipants and patients with Alzheimer disease. Molecular Imaging, 15,
153601211667379.

Deng, Y., Xu, Z., Xu, B., Xu, D. H., Tian, Y. W., & Feng, W. Y. (2012). The pro-

tective effects of riluzole onmanganese-induceddisruption of glutamate

transporters and glutamine synthetase in the cultured astrocytes. Bio-
logical Trace Element Research,148(2), 242–249. https://doi.org/10.1007/
s12011-012-9365-1.

Dixon, S. J., Lemberg, K. M., Lamprecht, M. R., Skouta, R., Zaitsev, E.

M., Gleason, C. E., Patel, D. N., Bauer, A. J., Cantley, A. M., Yang, W.

S., Morrison 3rd, B., & Stockwell, B. R. (2012). Ferroptosis: an iron-

dependent form of nonapoptotic cell death. Cell, 149(5), 1060–1072.
https://doi.org/10.1016/j.cell.2012.03.042.

Dobson, A. W., Erikson, K. M., & Aschner, M. (2004). Manganese neurotox-

icity. Annals of The New York Academy of Science, 1012, 115–128. https:
//doi.org/10.1196/annals.1306.009.

Doll, S., Freitas, F. P., Shah, R., Aldrovandi,M., da Silva,M.C., Ingold, I., Grocin,

A. G., da Silva, T. N. X., Panzilius, E., Scheel, C. H., Mourão, A., Buday,

K., Sato, M., Wanninger, J., Vignane, T., Mohana, V., Rehberg, M., Flatley,

A., Schepers, A., Kurz, A., . . . Conrad, M. (2019). FSP1 is a glutathione-

independent ferroptosis suppressor.Nature, 575(7784), 693–698. https:
//doi.org/10.1038/s41586-019-1707-0.

Du, K., Liu, M., Pan, Y., Zhong, X., & Wei, M. (2017). Association of serum

manganese levels with Alzheimer’s disease and mild cognitive impair-

ment: A systematic review and meta-analysis.Nutrients, 9(3), 231. https:
//doi.org/10.3390/nu9030231.

Engelhardt, E., & Laks, J. (2008). Alzheimer disease neuropathology: under-

standing autonomic dysfunction. Dement Neuropsychol, 2(3), 183–191.
https://doi.org/10.1590/S1980-57642009DN20300004.

Fanzani, A., &Poli,M. (2017). Iron, oxidativedamageand ferroptosis in rhab-

domyosarcoma. International Journal of Molecular Sciences, 18(8), 1718.
https://doi.org/10.3390/ijms18081718.

Fernsebner, K., Zorn, J., Kanawati, B., & Michalke, B. (2014). Manganese

leads to an increase in markers of oxidative stress as well as to a shift

in the ratio of Fe(II)/(III). in rat brain tissue. Metallomics, 6(4), 921–931.
https://doi.org/10.1039/c4mt00022f.

Fu, Y. B., Mu, Y., Lei, H., Wang, P., Li, X., Leng, Q., Han, L., Qu8, X. D., Wang,

Z. Y., & Huang, X. S. (2016). Design, synthesis and evaluation of novel

tacrine-ferulic acid hybrids as multifunctional drug candidates against

Alzheimer’s disease. Molecules (Basel, Switzerland), 21(10), 1338. https:
//doi.org/10.3390/molecules21101338.

Goozee, K., Chatterjee, P., James, I., Sohrabi, H. R., Asih, P. R., Dave, P., Yan,

C. M., Taddei, K., Ayton, S. J., Garg, M. L., Kwok, J. B., Bush, A. I., Chung,

R., Magnussen, J. S., & Martins, R. N. (2018). Elevated plasma ferritin in

elderly individuals with high neocortical amyloid-β load. Molecular Psy-
chiatry, 23(8), 1807–1812. https://doi.org/10.1038/mp.2017.146.

https://publons.com/publon/10.1002/brb3.2527
https://publons.com/publon/10.1002/brb3.2527
https://orcid.org/0000-0001-6754-369X
https://orcid.org/0000-0001-6754-369X
https://doi.org/10.1016/s0143-4160(03)00141-6
https://doi.org/10.1016/j.taap.2007.03.001
https://doi.org/10.1016/j.taap.2007.03.001
https://doi.org/10.1021/acs.inorgchem.9b02266
https://doi.org/10.1021/acs.inorgchem.9b02266
https://doi.org/10.3390/ijms18091989
https://doi.org/10.3390/ijms18091989
https://doi.org/10.1016/j.neurobiolaging.2014.04.019
https://doi.org/10.1016/j.neurobiolaging.2014.04.019
https://doi.org/10.1007/s13311-018-0656-x
https://doi.org/10.1007/s13311-018-0656-x
https://doi.org/10.1016/j.jneumeth.2011.09.008
https://doi.org/10.1016/j.jneumeth.2011.09.008
https://doi.org/10.3233/JAD-2012-111997
https://doi.org/10.1016/j.neuint.2005.12.020
https://doi.org/10.1016/j.neuint.2005.12.020
https://doi.org/10.4161/23723556.2014.995047
https://doi.org/10.4161/23723556.2014.995047
https://doi.org/10.1038/cddis.2010.73
https://doi.org/10.1038/cddis.2010.73
https://doi.org/10.3233/JAD-180151
https://doi.org/10.1016/j.neuint.2015.07.006
https://doi.org/10.1007/s12011-012-9365-1
https://doi.org/10.1007/s12011-012-9365-1
https://doi.org/10.1016/j.cell.2012.03.042
https://doi.org/10.1196/annals.1306.009
https://doi.org/10.1196/annals.1306.009
https://doi.org/10.1038/s41586-019-1707-0
https://doi.org/10.1038/s41586-019-1707-0
https://doi.org/10.3390/nu9030231
https://doi.org/10.3390/nu9030231
https://doi.org/10.1590/S1980-57642009DN20300004
https://doi.org/10.3390/ijms18081718
https://doi.org/10.1039/c4mt00022f
https://doi.org/10.3390/molecules21101338
https://doi.org/10.3390/molecules21101338
https://doi.org/10.1038/mp.2017.146


LIU ET AL. 7 of 9

Guo, C., Wang, P., Zhong, M. L., Wang, T., Huang, X. S., Li, J. Y., & Wang, Z. Y.,

(2013). Deferoxamine inhibits iron induced hippocampal tau phosphory-

lation in the alzheimer transgenic mouse brain. Neurochemistry Interna-
tional, 62(2), 165-172. https://doi.org/10.1016/j.neuint.2012.12.005.

Harris, F. M., Brecht, W. J., Xu, Q., Mahley, R. W., & Huang, Y. (2004).

Increased tau phosphorylation in apolipoprotein e4 transgenic mice is

associated with activation of extracellular signal-regulated kinase. Jour-
nal of Biological Chemistry, 279(43), 44795–44801. https://doi.org/10.
1074/jbc.M408127200.

Holmberg, C. G., Laurell, C. B., & Gjertsen, P. (1948). Investigations in serum

copper. II. Isolation of the copper containing protein, and a description

of some of its properties. Acta Chemica Scandinavica, 2, 550–556. https:
//doi.org/10.3891/acta.chem.scand.02-0550

Hu, J. Y., Zhang, D. L., Liu, X. L., Li, X. S., Cheng, X. Q., Chen, J., Du, H. N., &

Liang, Y. (2017). Pathological concentration of zinc dramatically accel-

erates abnormal aggregation of full-length human tau and thereby sig-

nificantly increases tau toxicity in neuronal cells. Biochim Biophys Acta
Mol Basis Dis, 1863(2),414–427. https://doi.org/10.1016/j.bbadis.2016.
11.022.

Hu, Z. Q., Yu, F. X., Gong, P., Qiu, Y., Zhou, W., Cui, Y. Y., Li, J., & Chen, H. Z.

(2014). Subneurotoxic copper(II)-induced NF-κB-dependent microglial

activation is associated with mitochondrial ROS. Toxicology and Applied
Pharmacology, 276(2), 95–103. https://doi.org/10.1016/j.taap.2014.01.
020.

Huang, J. T., Chen, S. X., Hu, L., Niu, H., Sun, Q., Li, W., Tan, G., Li, J., Jin, L.,

Lyu, J., & Zhou, H. (2018). Mitoferrin-1 is involved in the progression

of Alzheimer’s disease through targetingmitochondrial ironmetabolism

in a Caenorhabditis elegans model of Alzheimer’s disease. Neuroscience,
385, 90–101. https://doi.org/10.1016/j.neuroscience.2018.06.011

Huang, J., Ringuet, M., Whitten, A. E., Caria, S., Lim, Y. W., Badhan, R.,

Anggono, V., & Lee, M. (2020). Structural basis of the zinc-induced cyto-

plasmic aggregation of the RNA-binding protein SFPQ. Nucleic Acids
Research, 48(6), 3356–3365. https://doi.org/10.1093/nar/gkaa076.

Jia, J. P., Wei, C. B., Chen, S. Q., Li, F. Y., Tang, Y., Qin, W., Zhao, L., Jin, H., Xu,

H., Wang, F., Zhou, A., Zuo, X., Wu, L., Han, Y., Han, Y., Huang, L., Wang,

Q., Li, D., Chu, C., . . . Gauthier, S. (2018). The cost of Alzheimer’s disease

in China and re-estimation of costs worldwide.Alzheimers Dement, 14(4),
483–491. https://doi.org/10.1016/j.jalz.2017.

Jiang, D., Sullivan, P. G., Sensi, S. L., Steward, O., & Weiss, J. H. (2001).

Zn(2+) induces permeability transition pore opening and release of

pro-apoptotic peptides from neuronal mitochondria. Journal of Bio-
logical Chemistry, 276(50), 47524–47529. https://doi.org/10.1074/jbc.
M108834200.

Kirkley, K. S., Popichak, K. A., Afzali, M. F., Legare, M. E., & Tjalkens, R. B.

(2017). Microglia amplify inflammatory activation of astrocytes in man-

ganese neurotoxicity. J Neuroinflammation, 14(1), 99. https://doi.org/10.
1186/s12974-017-0871-0.

Kitazawa, M., Cheng, D., & LaFerla, F. M. (2009). Chronic copper exposure

exacerbates both amyloid and tau pathology and selectively dysregu-

lates cdk5 in a mouse model of AD. Journal of Neurochemistry, 108(6),
1550–1560. https://doi.org/10.1111/j.1471-4159.2009.05901.x.

Kitazawa, M., Hsu, H. W., & Medeiros, R. (2016). Copper exposure per-

turbs brain inflammatory responsesand impairs clearance of amyloid-

beta. Toxicological Sciences, 152(1), 194–204. https://doi.org/10.1093/
toxsci/kfw081.

Lane, D. J. R., Ayton, S., & Bush, A. I. (2018). Iron and Alzheimer’s disease: An

update on emerging mechanisms. Journal of Alzheimer’s Disease, 64(s1),
S379–S395. https://doi.org/10.3233/JAD-179944.

Lee, E., Karki, P., Johnson, J., Hong, P., &Aschner,M. (2017).Manganese con-

trol of glutamate transporters’ gene expression. Advances in Neurobiol-
ogy, 16, 1–12. https://doi.org/10.1007/978-3-319-55769-4_1.

Li, D. D., Zhang, W., Wang, Z. Y., & Zhao, P. (2017). Serum copper, zinc, and

iron levels in patients with Alzheimer’s disease: A meta-analysis of case-

control studies. Frontiers in Aging Neuroscience, 9, 300. https://doi.org/10.
3389/fnagi.2017.00300.

Li, G., Liu, F., Xu, C., Li, J. Y., & Xu, Y. J. (2018). Selenium and zinc against

Aβ25–35-induced cytotoxicity and tau phosphorylation in PC12 cells

and inhibits γ-cleavage of APP. Biological Trace Element Research, 184(2),
442–449. https://doi.org/10.1007/s12011-017-1162-4.

Lin, L. Y., Zhang, J., Dai, X. M., Xiao, N. A., Wu, X. L., Wei, Z., Fang, W.

T., Zhu, Y. G., & Chen, X. C. (2016). Early-life stress leads to impaired

spatial learning and memory in middle-aged ApoE4-TR mice. Molecu-
lar Neurodegeneration , 11(1), 51. https://doi.org/10.1186/s13024-016-
0107-2.

Lovell, M. A., Robertson, J. D., Teesdale, W. J., Campbell, J. L., &Markesbery,

W. R. (1998). Copper, iron and zinc in Alzheimer’s disease senile plaques.

Journal of the Neurological Sciences, 158(1), 47–52. https://doi.org/10.
1016/s0022-510x(98)00092-6.

Lu, J., Shu, R., & Zhu, Y. (2018). Dysregulation and dislocation of SFPQ

disturbed DNA organization in Alzheimer’s disease and frontotemporal

dementia. Journal of Alzheimer’s Disease, 61(4), 1311–1321. https://doi.
org/10.3233/JAD-170659.

Maher, P. (2018). Potentiation of glutathione loss and nerve cell death by

the transition metals iron and copper: Implications for age-related neu-

rodegenerative diseases. Free Radical Biology and Medicine, 115, 92–104.
https://doi.org/10.1016/j.freeradbiomed.2017.11.015.

Nguyen,M., Bijani, C., Martins, N., Meunier, B., & Robert, A. (2015). Transfer

of copper froman amyloid to a natural copper-carrier peptidewith a spe-

cific mediating ligand. Chemistry (Weinheim An Der Bergstrasse, Germany),
21(47), 17085–17090. https://doi.org/10.1002/chem.201502824.

Nishizaki, T. (2019). Fe3+ facilitates endocytic internalization of extracel-

lular Aβ1-42 and enhances Aβ1-42-induced caspase-3/caspase-4 activa-
tion and neuronal cell death.Molecular Neurobiology, 56(7), 4812–4819.
https://doi.org/10.1007/s12035-018-1408-y.

Oh, S. B., Kim, J. A., Park, S., & Joo-Yong, L. (2020). Associative interactions

among zinc, apolipoprotein E, and amyloid-β in the amyloid pathology.

International Journal of Molecular Sciences, 21(3), 802. https://doi.org/10.
3390/ijms21030802.

Pena, M. M., Lee, J., & Thiele, D. J. (1999). A delicate balance: homeostatic

control of copper uptake and distribution. Journal of Nutrition, 129(7),
1251–1260. https://doi.org/10.1093/jn/129.7.1251.

Popichak, K. A., Afzali, M. F., Kirkley, K. S., & Tjalkens, R. B. (2018).

Glial-neuronal signaling mechanisms underlying the neuroinflammatory

effects of manganese. J Neuroinflammation, 15(1), 324. https://doi.org/
10.1186/s12974-018-1349-4.

Reddi, A. R., Jensen, L. T., & Culotta, V. C. (2009). Manganese homeosta-

sis in Saccharomyces cerevisiae. Chemical Reviews, 109(10), 4722–4732.
https://doi.org/10.1021/cr900031u.

Religa, D., Strozyk, D., Cherny, R. A., Volitakis, I., Haroutunian, V., Winblad,

B., Naslund, J., & Bush, A. I. (2006). Elevated cortical zinc in Alzheimer

disease. Neurology Neurology, 67(1), 69–75. https://doi.org/10.1212/01.
wnl.0000223644.08653.b5.

Rogers, J. T., Bush, A. I., Cho, H. H., Smith, D. H., Thomson, A. M., Friedlich,

A. L., Lahiri, D. K., Leedman, P. J., Huang, X. D., & Cahill, C. M. (2008). Iron

and the translation of the amyloid precursor protein(APP) and ferritin

mRNAs: riboregulation against neural oxidative damage in Alzheimer’s

disease. Biochemical Society Transactions, 36(Pt 6), 1282–1287. https://
doi.org/10.1042/BST0361282.

Rogers, J. T. , Xia, N., Wong, A., Bakshi, R., & Cahill, C. M. (2019). Targeting

the iron-response elements of the mRNAs for the Alzheimer’s amyloid

precursor protein and ferritin to treat acute lead and manganese neu-

rotoxicity. International Journal of Molecular Sciences, 20(4), 994. https:
//doi.org/10.3390/ijms20040994.

Shen, Z., Haragopal, H., & Li, Y. V. (2020). Zinc modulates synaptic trans-

mission by differentially regulating synaptic glutamate homeostasis in

hippocampus. European Journal of Neuroscience,52(7), 3710–3722. https:
//doi.org/10.1111/ejn.14749.

Spencer, W. A., Jeyabalan, J., Kichambre, S., & Gupta, R. C. (2011). Oxida-

tively generated DNA damage after Cu (II) catalysis of dopamine

and related catecholamine neurotransmitters and neurotoxins: Role of

https://doi.org/10.1016/j.neuint.2012.12.005
https://doi.org/10.1074/jbc.M408127200
https://doi.org/10.1074/jbc.M408127200
https://doi.org/10.3891/acta.chem.scand.02-0550
https://doi.org/10.3891/acta.chem.scand.02-0550
https://doi.org/10.1016/j.bbadis.2016.11.022
https://doi.org/10.1016/j.bbadis.2016.11.022
https://doi.org/10.1016/j.taap.2014.01.020
https://doi.org/10.1016/j.taap.2014.01.020
https://doi.org/10.1016/j.neuroscience.2018.06.011
https://doi.org/10.1093/nar/gkaa076
https://doi.org/10.1016/j.jalz.2017
https://doi.org/10.1074/jbc.M108834200
https://doi.org/10.1074/jbc.M108834200
https://doi.org/10.1186/s12974-017-0871-0
https://doi.org/10.1186/s12974-017-0871-0
https://doi.org/10.1111/j.1471-4159.2009.05901.x
https://doi.org/10.1093/toxsci/kfw081
https://doi.org/10.1093/toxsci/kfw081
https://doi.org/10.3233/JAD-179944
https://doi.org/10.1007/978-3-319-55769-4_1
https://doi.org/10.3389/fnagi.2017.00300
https://doi.org/10.3389/fnagi.2017.00300
https://doi.org/10.1007/s12011-017-1162-4
https://doi.org/10.1186/s13024-016-0107-2
https://doi.org/10.1186/s13024-016-0107-2
https://doi.org/10.1016/s0022-510x(98)00092-6
https://doi.org/10.1016/s0022-510x(98)00092-6
https://doi.org/10.3233/JAD-170659
https://doi.org/10.3233/JAD-170659
https://doi.org/10.1016/j.freeradbiomed.2017.11.015
https://doi.org/10.1002/chem.201502824
https://doi.org/10.1007/s12035-018-1408-y
https://doi.org/10.3390/ijms21030802
https://doi.org/10.3390/ijms21030802
https://doi.org/10.1093/jn/129.7.1251
https://doi.org/10.1186/s12974-018-1349-4
https://doi.org/10.1186/s12974-018-1349-4
https://doi.org/10.1021/cr900031u
https://doi.org/10.1212/01.wnl.0000223644.08653.b5
https://doi.org/10.1212/01.wnl.0000223644.08653.b5
https://doi.org/10.1042/BST0361282
https://doi.org/10.1042/BST0361282
https://doi.org/10.3390/ijms20040994
https://doi.org/10.3390/ijms20040994
https://doi.org/10.1111/ejn.14749
https://doi.org/10.1111/ejn.14749


8 of 9 LIU ET AL.

reactive oxygen species. Free Radical Biology and Medicine, 50(1), 139–
147. https://doi.org/10.1016/j.freeradbiomed.2010.10.693.

Spranger,M., Schwab, S., Desiderato, S., Bonmann, E., Krieger,D., & Fandrey,

J. (1998). Manganese augments nitric oxide synthesis in murine astro-

cytes: a new pathogenetic mechanism in manganism? Experimental Neu-
rology, 149(1), 277–283. https://doi.org/10.1006/exnr.1997.6666.

Squitti, R., Ghidon, R., Siotto, M., Ventriglia, M., Benussi, L., Paterlini, A.,

Magri,M., Binetti,G., Cassetta, E., Caprara,D., Vernieri, F., Rossini, P.M..&

Pasqualetti, P. (2014). Value of serum nonceruloplasmin copper for pre-

diction of mild cognitive impairment conversion to Alzheimer disease.

Annals ofNeurology,75(4), 574–580. https://doi.org/10.1002/ana.24136.
Squitti, R., Ghidoni, R., Scrascia, F., Benussi, L., Panetta, V., Pasqualetti,

P., Moffa, F., Bernardini, S., Ventriglia, M., Binetti, G., & Rossini, P. M.

(2011). Free copper distinguishes mild cognitive impairment subjects

from healthy elderly individuals. Journal of Alzheimer’s Disease, 23(2),
239–248. https://doi.org/10.3233/JAD-2010-101098.

Squitti, R., Polimanti, R., Bucossi, S., Ventriglia, M., Mariani, S., Manfellotto,

D., Vernieri, F., Cassetta, E., Ursini, F., & Rossini, P. M. (2013). Linkage

disequilibrium and haplotype analysis of the ATP7B gene in Alzheimer’s

disease. Rejuvenation Research, 16(1), 3–10. https://doi.org/10.1089/rej.
2012.1357.

Squitti, R., Ventriglia, M., Simonelli, I., Bonvicini, C., Costa, A., Perini, G.,

Binetti, G., Benussi, L., Ghidoni, R., Koch, G., Borroni, B., Albanese, A.,

Sensi, S. L., & Rongioletti, M. (2021). Copper imbalance in Alzheimer’s

disease: Meta-analysis of serum, plasma, and brain specimens, and repli-

cation study evaluating ATP7B gene variants. Biomolecules, 11(7), 960.
https://doi.org/10.3390/biom11070960

Su, X. Y., Wu, W. H., Huang, Z. P., Hu, J., Lei, P., Yu, C. H., Zhao, Y. F., & Li, Y.

M. (2007). Hydrogen peroxide can be generated by tau in the presence of

Cu(II).Biochemical andBiophysical ResearchCommunications,358(2), 661–
665. https://doi.org/10.1016/j.bbrc.2007.04.191.

Sun, X. Y., Wei, Y. P., Xiong, Y., Wang, X. C., Xie, A. J., Wang, X. L., Yang,

Y., Wang, Q., Lu, Y. M., Liu, R., & Wang, J. Z. (2012). Synaptic released

zinc promotes tau hyperphosphorylation by inhibition of protein phos-

phatase 2A (PP2A). Journal of Biological Chemistry, 287(14), 11174–
11182.

Tsatsanis, A., Dickens, S., Kwok, J. C. F., Wong, B. C., & Duce, J. A. (2019).

Post translational modulation of β-amyloid precursor protein traffick-

ing to the cell surface alters neuronal iron homeostasis. Neurochemi-
cal Research, 44(6), 1367–1374. https://doi.org/10.1007/s11064-019-
02747-y.

van Duijn, S., Bulk, M., van Duinen, S. G., Nabuurs, R. J. A., van Buchem, M.

A., van der Weerd, L., & Natté, R., (2017). Cortical iron reflects severity

of Alzheimer’s disease. Journal of Alzheimer’s Disease, 60(4), 1533–1545.
https://doi.org/10.3233/JAD-161143.

Venkataramani, V., Doeppner, T. R., Willkommen, D., Liao, S. L., Chen, S. Y.,

& Chen, J. H. (2018). Manganese causes neurotoxic iron accumulation

via translational repression of amyloid precursor protein and H-Ferritin.

Journal of Neurochemistry, 49(6), 62-71. https://doi.org/10.1016/j.neuint.
2005.12.020.

Ventriglia, M., Brewer, G. J., Simonelli, I., Mariani, S., Siotto, M., Bucossi,

S., & Squitti, R. (2015). Zinc in Alzheimer’s disease: A meta-analysis of

serum, plasma, and cerebrospinal fluid studies. Journal of Alzheimer’s Dis-
ease, 46(1), 75–87. https://doi.org/10.3233/JAD-141296.

Vilella, A., Belletti, D., Sauer, A. K., Hagmeyer, S., Sarowar4, T., Masoni, M.,

Stasiak, N., Mulvihill, J. J. E., Ruozi, B., Forni, F., Vandelli, M. A., Tosi, G.,

Zoli, M., & Grabrucker, A. M. (2018). Reduced plaque size and inflam-

mation in the APP23mouse model for Alzheimer’s disease after chronic

application of polymeric nanoparticles for CNS targeted zinc delivery.

Journal of Trace Elements inMedicine andBiology,49, 210–221. https://doi.
org/10.1016/j.jtemb.2017.12.006.

Vlachova, V., Zemkova, H., & Vyklicky L., Jr. (1996). Copper modulation of

NMDA responses in mouse and rat cultured hippocampal neurons. Euro-
pean Journal of Neuroscience, 8, 2257–2264. https://doi.org/10.1111/j.
1460-9568.1996.tb01189.x.

Wadhwani, A. R., Affaneh,A., vanGulden, S., &Kessler, J. A. (2019).Neuronal

apolipoprotein E4 increases cell death andphosphorylated tau release in

alzheimer disease. Annals of Neurology, 85(5), 726–739. https://doi.org/
10.1002/ana.25455.

Wang, C. Y., Wang, T., Zheng, W., Zhao, B. L., Danscher, G., Chen, Y. H., &

Wang, Z. Y. (2010). Zinc overload enhances APP cleavage and Aβ depo-
sition in the Alzheimer mouse brain. Plos One, 5(12), e15349. https://doi.
org/10.1371/journal.pone.0015349.

Wang, L. G., Yang, H. K., Zhao, S. G., Sato, H., Konishi, Y., Beach, T. G.,

Abdelalim, E. M., Bisem, N. J., & Tooyama, I. (2011). Expression and local-

ization of mitochondrial ferritin mRNA in Alzheimer’s disease cerebral

cortex. PLoS One, 6(7), e22325. https://doi.org/10.1371/journal.pone.
0022325.

Wang, L., Fu,H.H., Liu, B., Liu, X. Y., Chen,W.W., &Yu, X.D. (2017). The effect

of postnatalmanganese exposure on theNMDA receptor signaling path-

way in rat hippocampus. Journal of Biochemical and Molecular Toxicology,
31(12), e21969. https://doi.org/10.1002/jbt.21969.

Wang, P., Wu, Q., Wu, W., Li, H. Y., Guo, Y. T., Yu, P., Gao, G. F., Shi, Z.

H., Zhao, B. L., & Chang, Y. Z. (2017). Mitochondrial ferritin deletion

exacerbatesβ-amyloid-induced neurotoxicity in mice.Oxidative Medicine
and Cellular Longevity, 2017, 2017:1020357. https://doi.org/10.1155/
2017/1020357.

Wang, Z. X., Tan, L., Wang, H. F., Ma, J., Liu, J., Tan, M. S., Sun, J. H., Zhu, X. C.,

Jiang, T., & Yu, J. T. (2015). Serum iron, zinc, and copper levels in patients

with Alzheimer’s disease: A replication study and meta-analyses. Jour-
nal of Alzheimer’s Disease, 47(3), 565–581. https://doi.org/10.3233/JAD-
143108.

Weiser, T., & Wienrich, M. (1996). The effects of copper ions on glutamate

receptors in cultured rat cortical neurons.Brain Research, 742(1-2), 211–
218. https://doi.org/10.1016/s0006-8993(96)01009-8.

Wong, B. X., Tsatsanis, A., Lim, L. Q., Adlard, P. A., Bush, A. I., & Duce, J.

A. (2014). β-Amyloid precursor protein does not possess ferroxidase

activity but does stabilize the cell surface ferrous iron exporter ferro-

portin. Plos One, 9(12), e114174. https://doi.org/10.1371/journal.pone.
0114174.

Yang, D.,Wang, T., Liu, J.,Wang, H. T., &Kang, Y. J. (2021). Reverse regulation

of hepatic ceruloplasmin production in ratmodel ofmyocardial ischemia.

Journal of Trace Elements in Medicine and Biology, 64, 126686. https://doi.
org/10.1016/j.jtemb.2020.126686.

Zhao, Y. S., Zhang, L. H., Yu, P. P., Gou, Y. J., Zhao, J., You, L. H., Wang, Z. Y.,

Zheng, X., Yan, L. J., Yu, P., & Chang, Y. Z. (2018). Ceruloplasmin, a poten-

tial therapeutic agent for Alzheimer’s disease. Antioxidants & Redox Sig-
naling, 28(14), 1323–1337. https://doi.org/10.1089/ars.2016.6883.

Zou, Y., Qing, L., Zeng, X., Shen, Y., Zhong, Y., Liu, J., Li, Q., Chen, K.,

Lv, Y., Huang, D., Liang, G., Zhang, W., Chen, L., Yang, Y., & Yang, X.

(2014). Cognitive function and plasma BDNF levels among manganese-

exposed smelters. Occupational and Environmental Medicine, 71(3), 189–
194. https://doi.org/10.1136/oemed-2013-101896.

How to cite this article: Liu, F., Zhang, Z., Zhang, L., Meng,

R.-N., Gao, J., Jin, M., Li, M., &Wang, X.-P. (2022). Effect of

metal Ions on Alzheimer’s disease. Brain and Behavior, 12,

e2527. https://doi.org/10.1002/brb3.2527

https://doi.org/10.1016/j.freeradbiomed.2010.10.693
https://doi.org/10.1006/exnr.1997.6666
https://doi.org/10.1002/ana.24136
https://doi.org/10.3233/JAD-2010-101098
https://doi.org/10.1089/rej.2012.1357
https://doi.org/10.1089/rej.2012.1357
https://doi.org/10.3390/biom11070960
https://doi.org/10.1016/j.bbrc.2007.04.191
https://doi.org/10.1007/s11064-019-02747-y
https://doi.org/10.1007/s11064-019-02747-y
https://doi.org/10.3233/JAD-161143
https://doi.org/10.1016/j.neuint.2005.12.020
https://doi.org/10.1016/j.neuint.2005.12.020
https://doi.org/10.3233/JAD-141296
https://doi.org/10.1016/j.jtemb.2017.12.006
https://doi.org/10.1016/j.jtemb.2017.12.006
https://doi.org/10.1111/j.1460-9568.1996.tb01189.x
https://doi.org/10.1111/j.1460-9568.1996.tb01189.x
https://doi.org/10.1002/ana.25455
https://doi.org/10.1002/ana.25455
https://doi.org/10.1371/journal.pone.0015349
https://doi.org/10.1371/journal.pone.0015349
https://doi.org/10.1371/journal.pone.0022325
https://doi.org/10.1371/journal.pone.0022325
https://doi.org/10.1002/jbt.21969
https://doi.org/10.1155/2017/1020357
https://doi.org/10.1155/2017/1020357
https://doi.org/10.3233/JAD-143108
https://doi.org/10.3233/JAD-143108
https://doi.org/10.1016/s0006-8993(96)01009-8
https://doi.org/10.1371/journal.pone.0114174
https://doi.org/10.1371/journal.pone.0114174
https://doi.org/10.1016/j.jtemb.2020.126686
https://doi.org/10.1016/j.jtemb.2020.126686
https://doi.org/10.1089/ars.2016.6883
https://doi.org/10.1136/oemed-2013-101896
https://doi.org/10.1002/brb3.2527

	Effect of metal ions on Alzheimer’s disease
	Abstract
	1 | INTRODUCTION
	2 | ROLE OF METAL IONS IN AD
	2.1 | Copper
	2.2 | Iron
	2.3 | Zinc
	2.4 | Manganese

	3 | CONCLUSIONS
	ACKNOWLEDGMENT
	CONFLICT OF INTEREST
	AUTHOR CONTRIBUTIONS
	CONSENT FOR PUBLICATION
	DATA AVAILABILITY STATEMENT
	PEER REVIEW

	ORCID
	REFERENCES


