
Summary. Zinc is abundant in the brain, where it plays
an important role in synaptic plasticity and in learning;
however, excessive zinc is toxic to neuronal cells, and
dyshomeostasis of zinc in the brain is a contributing
factor for Alzheimer’s disease (AD). Deposition of zinc
has been detected in senile plaques in the form of zinc-
Aβ (β-amyloid) complexes. Recent studies have
demonstrated that zinc exposure to the brain enhances β-
amyloid precursor protein (APP) expression, amyloido-
genic APP cleavage and plaque burden. Furthermore,
alterations in zinc transporters, which are responsible for
zinc homeostasis, occur in AD human brain and
transgenic mouse models. These suggest that abnormal
brain zinc homeostasis is involved in the patho-
physiological progress of AD.
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Introduction

Alzheimer's disease (AD) is a progressive
neurodegenerative disorder that represents the most
common form of dementia in the elderly. Along with
disease progression, the clinical characteristics of AD
include short-term memory loss, problems with
language, disorientation, mood swings, and mismana-
gement of self-care. The pathological features of AD

include β-amyloid (Aβ) plaques, intracellular
neurofibrillary tangles, loss of neurons and synapses,
and activation of glia cells. A primary theory for the
cause of AD is the “Aβ deposition theory”. Aβ is
derived from a transmembrane protein, the β-amyloid
precursor protein (APP), by the action of two cleavage
enzymes that are referred to as β- and γ-secretases
(Haass et al., 1992; Seubert et al., 1992;  Shoji et al.,
1992). This process is called amyloidogenesis. Finally,
Aβ is toxic and may cause neuronal death in the case of
AD.

Recently, several groups have raised the “metal
hypothesis” of AD (Duce and Bush, 2010). This
hypothesis is mainly based upon experimental results.
First, several metal ions, such as zinc, iron and copper,
are all increased in the ageing brain. It has been reported
that the content of metal ions in the brain of AD patients
is 3-7 times that of normal people and that the metal ions
in brain homeostasis may result in the development of
AD (Zatta et al., 2009). Second, these metal ions can
interact with Aβ, resulting in the promotion of Aβ
deposition and plaque formation. For example, zinc can
bind to Aβ molecules through the histidine residue (Liu
et al., 1999). Third, some proteins that are related to
amyloidogenesis, including APP, β- and γ-secretase, are
all ion-binding proteins. Finally, the use of metal
chelators, such as clioquinol, deferoxamine and trientine,
is beneficial for AD patients and attenuates Aβ
deposition in AD animal models (Ritchie et al., 2003;
Wang et al., 2012, 2013; Guo et al., 2013a,b, 2015).
Therefore, abnormal metal metabolism has an important
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role in Aβ generation and accumulation in the brain.
It is well known that metal ions cannot freely pass

through the membrane structure. In the plasma
membrane, there are several metal transporters that are
responsible for metal ion transportation. For example,
divalent metal transporter 1 (DMT1) is a divalent metal
ion transporter and the zinc transporters (ZnTs) family is
responsible for zinc transmembrane transportation
(Fleming et al., 1997; Gunshin et al., 1997; Kambe et al.,
2015). Several studies have shown that changes in
expression levels and distribution of these metal
transporters have been found in the AD brain. This
suggests that metal transporters might be involved in
dyshomeostasis of metal ions as well as in Aβ secretion
and deposition. Furthermore, metal chelators may be a
potential strategy for AD prevention and therapy. 
Zinc is abundant in senile plaques

Zinc is an essential element and has many important
biological functions in the body. In the brain,
approximately 85% of zinc ions bind with the metal
proteins or nucleic acids, while 15% of zinc ions are
present as free or loosely bound ions (Wang et al., 2002).
The average content of free zinc ions in the brain is
approximately 150 μmol/L, which is approximately 10
times the level of serum zinc (Takeda, 2000; Weiss et al.,
2000). Free zinc ions are abundant in the synaptic
vesicles in hippocampal mossy fibers, where zinc has an
important role in synaptic plasticity, learning and
memory (Frederickson and Moncrieff, 1994). Except for
its physiological roles, however, excessive zinc is toxic
and can result in necrotic, apoptotic and autophagic cell
death through the activation of multiple intracellular
pathways (Dineley et al., 2003, 2005; Sensi et al., 2003,
2009).

It has been generally accepted that brain zinc
dyshomeostasis is involved in neuronal death and the
pathogenesis of AD (Maynard et al., 2005; Xu et al.,
2011). With age, zinc levels increase in the brain and
may contribute to the risk of AD. Several studies have
shown that the level of zinc in serum and in the brain are
increased in human AD and the APP/presenilin 1 (PS1)
transgenic mouse brain. In the postmortem AD brain, a
marked accumulation of zinc is found in Aβ plaques, as
detected with different technologies (Lovell et al., 1998;
Cherny et al., 1999; Suh et al., 2000; Friedlich et al.,
2004). For instance, with proton-induced X-ray emission
spectroscopic analysis, an increased amount of zinc ions
has been confirmed to exist in the hippocampus and
amygdala of AD autopsy tissue (Danscher et al., 1997).
With autometallography, a zinc-specific histological
technique, several groups have reported that zinc ions
reside in senile plaques and the cerebral amyloid
angiopathy in the AD brain (Stoltenberg et al., 2005;
Zhang et al., 2008). In vitro studies, including nuclear
magnetic resonance spectroscopy, have shown that Aβ
peptide has zinc-binding sites (Huang et al., 2004), and
zinc could rapidly destabilize human Aβ1-40 solutions

(Bush et al., 1994). Together, the enrichment of zinc ions
in plaques indicates that zinc might promote Aβ
deposition and the formation of senile plaques.
Zinc accelerates Aβ generation and aggregation

Several studies have demonstrated that both APP
and its proteolytic product, Aβ, contain metal binding
domains, thereby suggesting that zinc may be involved
in APP processing in AD pathological processes. At the
cellular level, high zinc treatment enhances amyloidosis
through increased β- and γ-secretase cleavage of APP
and Aβ secretion in APP Swedish mutant (APPsw)
overexpressing cells (Wang et al., 2010). In neonatal
mouse cortical culture neurons, exposure of exogenous
zinc enhances synthesis of PS1 in a dose-dependent
manner (Park et al., 2001). Treatment with high zinc
levels in drinking water not only enhances the content of
zinc in serum and brain but also leads to an increase in
APP expression, amyloidogenic APP cleavage and zinc-
containing plaques in the brain of APP/PS1 mice (Wang
et al., 2010). Interestingly, treatment with chelator
clioquinol prevents cognitive deficits and reduces the
expression levels of APP, β- and γ-secretase and the
plaque burden in the APP/PS1 mouse brain (Wang et al.,
2012). These data demonstrate that excessive zinc
exposure to the brain accelerates Aβ generation and
aggregation, thereby suggesting that zinc accumulation
could be a risk factor for AD progression.

Conversely, studies have shown that zinc
supplementation may benefit for AD. In the 3xTg-AD
mouse, which is an AD model, the administration of zinc
can reduce the pathology of Aβ and tau, increase BDNF
levels, and prevent cognitive deficits as well as
mitochondrial dysfunction (Corona et al., 2010). Oral
zinc treatment reduces insoluble Aβ in the brain of
Tg2576 mouse, an AD mouse model (Harris et al.,
2014). Therefore, further studies are needed to elucidate
the paradoxical role of zinc in AD pathological
processes (Cuajungco and Fagét, 2003).
Zinc promotes tau phosphorylation

Free zinc ions are abundant in the synaptic vesicles
in hippocampal zinc-containing mossy fibers, which act
as a potential neuromodulator during release into the
synaptic cleft (Frederickson et al., 2000). Nevertheless,
recent studies have demonstrated that synaptic released
zinc can promote tau hyperphosphorylation (Boom et al.,
2009). For example, zinc treatment causes tau
hyperphosphorylation in cultured brain slices, whereas
the application of zinc chelators almost abolishes zinc-
induced tau hyperphosphorylation (Sun et al., 2012). In
the tau transgenic mouse brain, treatment with zinc
chelator significantly reduces hyperphosphorylated and
insoluble tau levels. Furthermore, the mechanism of
zinc-induced tau hyperphosphorylation is related to
protein phosphatase 2A inactivation through a Src-
dependent pathway (Xiong et al., 2013). In the APP/PS1
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transgenic mouse, treatment with iron in drinking water
markedly induces tau phosphorylation at the sites of
Thr205, Thr231 and Ser396, whereas the administration
of the chelator deferoxamine could reduce the levels of
tau phosphorylation by suppressing the activities of
cyclin-dependent kinase 5 and glycogen synthase kinase
3β (Guo et al., 2013a). It is known that hyperphospho-
rylated tau is the main component of intracellular
neurofibrillary tangles, which can cause microtubule
destabilization and neuronal death. Therefore,
dyshomeostasis of metal ions, such as zinc and iron, is a
critical factor for activating AD pathological processes,
not only through interaction with Aβ but also through
enhancement of tau hyperphosphorylation (Craddock et
al., 2012).
Alterations in zinc transporters in AD brain

The mechanism that involves zinc accumulation in
the AD brain has not been fully understood. Recent
studies have shown that the abnormal distribution and
expression of zinc-regulating metalloproteins may be
involved in elevated level of zinc in the AD brain. These
metalloproteins include zinc transporters (ZnTs) and
divalent metal transporter 1 (DMT1) (Zheng et al., 2009,
2010; Adlard et al., 2010). 

Using quantitative real-time PCR, altered mRNA
levels of zinc-regulating proteins have been detected in
the AD postmortem brain (Beyer et al., 2012). With
immunohistochemistry, the distribution of ZnTs,
including ZnT1 and ZnT3-7, has been found in the
neuritic plaques in the human AD postmortem brain
specimens (Zhang et al., 2008). These ZnT proteins
could also be found in Aβ plaques in APP/PS1
transgenic mouse brain (Zhang et al., 2010). It is well
known that, under physiological conditions, ZnTs are
located in the cell membrane and the plasma membrane
of the lysosome, Golgi apparatus and synaptic vesicles.
Furthermore, the function of ZnTs is to reduce the
concentration of zinc in the cytoplasm through the
export of zinc to the extracellular space or the transfer of

zinc into cellular organelles from the cytosol (Lichten
and Cousins, 2009). Apart from the abnormal
distribution of ZnTs in Aβ plaques, the protein
expression levels of ZnTs, including ZnT1, 4, and 6,
were also found to be altered in the human AD brain
(Lovell et al., 2005, 2006). In the APP/PS1 transgenic
mouse brain, elevated expression levels of ZnT1, and
ZnT3-7 have been observed in the cerebral cortex and
hippocampus (Zhang et al., 2010). In ZnT3 knockout
and APP overexpressed mice, a marked reduction of Aβ
plaque burden and less insoluble Aβ level have been
detected in the brain (Lee et al., 2002). Taken together,
the abnormal distribution and expression of ZnTs
indicates that ZnTs might be important contributing
factors for zinc accumulation in senile plaques.

DMT1 is a proton-coupled metal-ion transporter and
functions in the uptake of a broad range of divalent
metal ions, such as iron, zinc and copper (Fleming et al.,
1997; Gunshin et al., 1997). With aging, the expression
levels of DMT1 are markedly increased (Ke et al.,
2005). Recent studies have shown that the expression
levels of DMT1 are significantly increased in the frontal
cortex and the hippocampus of the APP/PS1 mouse
brain (Zheng et al., 2009; Dong et al., 2015). With
confocal microscopy, the colocalization of DMT1 and
Aβ has been detected in the senile plaques of the
postmortem AD brain and the transgenic mouse brain.
More interestingly, in vitro studies have shown that a
marked reduction in APP expression and Aβ secretion
could be found after the silencing of endogenous DMT1
by RNA interference (Zheng et al., 2009). These
findings suggest that DMT1 has an important role in ion-
mediated neuropathogenesis in AD.

In summary, it can be concluded that dyshomeostasis
of brain zinc has an important pathophysiological role in
the progress of AD (Fig. 1). Therefore, corrections of
zinc metabolism, through applications of metal
chelators, might be a feasible therapeutic strategy for
AD. Moreover, metal-regulating proteins, such as ZnTs
and DMT1, are potential drug targets for the prevention
and treatment of AD. 
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Fig. 1. Involvement of metal transporters and
zinc in promotion of AD pathology.
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