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Abstract: Zinc is essential for human growth and development. As a trace nutrient, zinc plays
important roles in numerous signal transduction pathways involved in distinct physiologic or
pathologic processes. Protein phosphorylation is a posttranslational modification which regulates
protein activity, degradation, and interaction with other molecules. Protein kinases (PKs) and
phosphatases (PPs), with their effects of adding phosphate to or removing phosphate from certain
substrates, are master regulators in controlling the phosphorylation of proteins. In this review, we
summarize the disturbance of zinc homeostasis and role of zinc disturbance in regulating protein
kinases and protein phosphatases in neurodegenerative diseases, with the focus of that in Alzheimer’s
disease, providing a new perspective for understanding the mechanisms of these neurologic diseases.
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1. Introduction
1.1. Zinc Balance in the Human Body

Minerals in the human body that are less than 0.01% of body weight are called mi-
cronutrients. Zinc is an indispensable trace nutrient for life. Initially, zinc ions were only
found to be essential for the normal growth and development of plants and animals [1,2],
and it was not until 1961 that zinc was identified as an essential micronutrient for human
beings. It is currently ranked first among the 14 essential micronutrients identified by the
World Health Organization. Zinc is also the second most abundant micronutrient in the
human body, following only iron. The adult human body contains about 2-3 g of zinc, of
which 60% is found in skeletal muscle, 30% in bone, 5% in liver and skin, 1.5% in brain,
and the kidneys, heart, and other tissues in total contribute less than 2% [3]. Serum zinc
occupies only 0.1% of total body zinc, which is exactly the daily level of zinc intake. Zinc
homeostasis is tightly controlled through the coordinated regulation of zinc absorption,
efflux, distribution, and storage (Figure 1) [4,5]. Zinc performs unique and broad functions
in numerous biological processes, including cell division, growth, differentiation, and
signal transduction. In these processes, zinc ions serve as structural, catalytic, or regulatory
components in proteins, such as transcription factors, enzymes, transporter proteins, and
receptors [5-7]. Hence, zinc is extremely valuable to the organism. Disruption in zinc
homeostasis is found to be associated with a variety of diseases, including asthma, diabetes,
and Alzheimer’s disease [8-10].
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Figure 1. Distribution of zinc in the body. Dietary zinc is absorbed by the digestive system and then
distributed to peripheral tissues. Approximately 60% of zinc is stored in skeletal muscle, 30% in bone,
and 5% in liver and skin. Excess zinc is excreted through gastrointestinal secretions and mucosal cells.
Brain zinc levels change in patients with neurodegenerative diseases such as PD, ALS, and AD.

1.2. Distribution of Zinc and the Maintenance of Zinc Homeostasis in the Brain

The adult human brain contains 0.04 g of zinc, accounting for only 1.5% of the total
body zinc [3]. There are three zinc pools in the brain: vesicular zinc, protein-bound zinc, and
free zinc ions. Ultrastructural observation shows that abundant free zinc ions are present in
presynaptic glutamatergic vesicles called “zincergic” synapses. Vesicular zinc is found in the
cerebral cortex, amygdala, hippocampus, and olfactory bulb, which accounts for 5~15% of
the brain’s zinc content and is especially abundant in the hippocampus [11,12]. Endogenous
zinc homeostasis is mainly regulated by zinc-binding proteins, metallothioneins (MTs), and
zinc transporter proteins. There are four MTs in human and mammalian cells, of which
MT-3 is dominated in the brain. MT-3 serves to bind and store zinc and thus protect cells
from the toxic effects of excessive free zinc ions [13]. Zinc transport proteins are divided into
two families: the ZnTs (zinc transporter proteins) and the ZIPs (Zrt and Trt-like proteins).
ZnTs are responsible for removing zinc out of the cells or transporting zinc into cellular
organelles, thus reducing the concentration of zinc in the cytoplasm, while ZIPs play the
opposite role [14,15]. There is a growing body of evidence showing that ZnTs and ZIPs play
an instrumental role in maintaining zinc homeostasis, which profoundly affects human
health, directly or indirectly [16].

Zinc is required for normal brain development, and it also plays important roles in the
physiological function of the central nervous system (CNS) [17]. The average intracellular
zinc ion concentration in brain cells is about 150 uM [18,19]. Zinc ion concentration in
the synaptic cleft is 15-30 pM under the resting state and can be up to about 300 M
during neural activity [20,21]. Sub-toxic doses of zinc can cause the activation of microglia
(>30 uM) or astrocytes (>100 uM) via the NF-kB or Stat3 pathways, respectively [22,23];
higher concentrations of exogenously applied zinc (>300 M) can cause neuronal death
in vitro [24]. The increase in intracellular zinc ions caused by noxious stimuli can also
lead to extensive neuronal death [25]. Owing to the multifaceted roles of zinc in biological
processes, zinc dyshomeostasis in the brain participates in the development of many
neurodegenerative diseases [26].
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1.3. Limited Effect of Peripheral Zinc Supplementation on Brain Zinc Level

Zinc homeostasis in the brain is tightly controlled and is not easily altered by a
peripheral zinc load. It was shown that a slight increase in ZnT2 was observed after
treatment of the BBB model with “moderate zinc excess” (50 uM), with no significant
difference in the expression of ZIP1. Our previous investigation also showed that high-dose
zinc supplementation significantly increased serum zinc levels in mice but did not increase
brain zinc levels. On the contrary, decreased zinc levels were observed in the hippocampal
brain region, which may be a result of the loss of hippocampal neurons (abundant with
zinc) induced by the toxicity of excessive zinc supplementation [27].

2. Disturbance of Zinc Homeostasis in Neurodegenerative Diseases

Due to the multiple roles of zinc in lots of physiological processes, the maintenance
of zinc homeostasis is of particular importance for normal brain function. Either zinc
deficiency or overload may be harmful and may exacerbate brain damage in neurolog-
ical disorders [26]. In addition, even though the total zinc in the brain is normal, the
mislocalization of zinc ions, for example, abnormal zinc accumulation with pathologic
proteins, or excessive zinc release from intracellular zinc-binding proteins may also result
in dysfunction of the nervous system. The important role of zinc in the brain has led to the
exploration of the effects of zinc disturbance in many neurodegenerative diseases, partic-
ularly in Parkinson’s disease (PD), amyotrophic lateral sclerosis (ALS), and Alzheimer’s
disease (AD) [28-31].

2.1. Parkinson’s Disease (PD)

Parkinson’s disease (PD) is a severe motor disorder characterized by tonicity, tremor,
and bradykinesia. In the PD brain, a-synuclein aggregates, and neurofibrillary tangles
are formed in the substantia nigra pars compacta, with a selective loss of dopaminergic
neurons [32]. The deficit of dopaminergic neurons in substantia nigra causes a striatal
dopamine deficiency and subsequent alteration in basal ganglia physiology, which is
thought to be the key mechanism leading to the development of clinical symptoms [33,34].
Dopamine neurons in the ventral tegmental area (VTA), which is adjacent to the substantia
nigra and regulates emotional behavior, are less damaged [35,36].

The relationship between zinc dyshomeostasis and PD is ambiguous, with some
studies showing reduced serum zinc levels [37,38], with others showing increased serum
zinc levels in PD patients. No significant change in cerebrospinal fluid zinc levels was
observed [39,40]. Evidence supporting the relationship between low zinc and PD is that
methamphetamine causes dopaminergic cell death through the production of reactive
oxygen species and increasing the total amount of a-synuclein (c-syn), a major component
of Lewy bodies, and zinc pretreatment reverses the above phenomena by increasing metal-
lothionein expression in vitro [41,42]. In the Drosophila PD model, zinc supplementation
also increased the lifespan and motility [43]. On the other hand, there is numerous evidence
showing the toxicity of excess zinc ions in PD-related degenerated dopaminergic neurons.
Zinc exposure is an environmental risk factor for PD [44]. The autopsy results showed zinc
deposition in the substantia nigra and striatum in PD patients [45]. Consistent with these
findings, zinc treatment significantly enhanced MPTP-induced dopaminergic neuronal loss
in mice [34,46]. Taken together, these studies suggest that the imbalance of zinc may play a
dual role in the development of PD, which depends on the different signaling pathways
influenced by zinc in different disease stages.

2.2. Amyotrophic Lateral Sclerosis (ALS)

Amyotrophic lateral sclerosis (ALS) is an incurable neurodegenerative disease in
which motor neurons in the spinal cord and brain progressively deteriorate, leading to
progressive muscle atrophy, paralysis, and ultimately death. The most commonly studied
risk factors for ALS include genetics, environment, and lifestyle. Metals with a potential
relationship with ALS progress include copper, aluminum, arsenic, cadmium, cobalt, zinc,
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vanadium, and uranium, all of which are significantly elevated in the cerebrospinal fluid of
ALS patients [47], while the precise roles of these metals in the brain in disease progression
need further exploration.

It is suspected that aggregates of a protein called copper—zinc superoxide dismu-
tase 1 (SOD1) in nerve cells may play a crucial role in disease development. More than
140 SOD1 gene mutations have been found associated with ALS, with varying degrees of
severity. TDP-43 gene mutation is also found in 5-10% of familial ALS cases. Significantly
increased levels of Mn, Cu, and Zn were found in the spinal cord of TDP-43 A315T mice [48].
The immunoreactive activity of metallothionein was found to be elevated in the brain and
liver in ALS patients [49]. Similarly, in SOD1-Gly93Ala transgenic mice, increased MT1,
MT2, and MT3 expression in astrocytes and increased MT3 in neurons were observed. The
elevated expression of metallothionein may be compensatory. Taking together, it seems
that zinc exerts deleterious effects during ALS development.

2.3. Alzheimer’s Disease (AD)

Alzheimer’s disease (AD) is a progressive neurodegeneration that is currently receiv-
ing the most attention in aging-related disorders. It is expected that by 2050, there will
be 130 million AD patients worldwide [50,51]. AD patients exhibit progressive cogni-
tive decline manifested by memory loss, learning and orientation difficulties, behavioral
changes, and dementia [51]. Amyloid plaques aggregated by 3-amyloid (AB) peptides
and neuronal fibrillary tangles (NFTs) formed by hyperphosphorylated tau protein are
two typical pathological features in AD brain [52,53]. Zinc dyshomeostasis was one of
the dominated pathological characters in AD. The levels of zinc ions in the amygdala,
hippocampus, cerebellum, and superior temporal gyrus, which are all susceptible brain
regions in AD, were found elevated [54-56]. These changes may be a result of the capture
of zinc by AfB. Zinc was highly enriched in senile plaques in the brains of AD mice [57].
Amyloid precursor protein (APP) and Af have zinc-binding sites [58], and studies show
that zinc promotes A aggregation directly in vitro [59,60]. On the other side, zinc exacer-
bated Af toxicity, and zinc chelation into amyloid deposits led to the loss of functional zinc
at the synapse [61]. Besides zinc ions, zinc transporters also showed significant changes
in AD brain. The levels of ZIPs, ZnTs, and MTs, which regulate brain zinc levels, were
increased or decreased in the early or late stages of AD [62-64]. Postmortem studies of AD
brains showed a significant decrease in ZnT-1, along with an increase in ZnT-6 in the hip-
pocampus/parahippocampal gyrus compared to normal control subjects. These processes
correlate with disease progression and the severity of cognitive impairment [64,65]. The
expression of ZnTs (ZnT1, ZnT3, ZnT4, ZnT6, and ZnT7) were extensively increased in
the senile plaque of APP/PS1 mouse models [16,58]. Till now, what is the initial cause of
zinc disturbance, and whether the changes of zinc transporters are causes or results of zinc
disturbance in AD, remain unclarified.

The pathologic role of zinc in AD is also manifested by the effects of zinc on promot-
ing tauopathy [61,66]. Zinc can cause tau hyperphosphorylation through inhibiting the
protein-phosphatase 2A (PP-2A) [67] and activating tau kinases [68,69]. All of these mecha-
nisms lead to increased A3 deposition and P-tau, ultimately exacerbating the pathological
progression of AD.

3. Zinc-Regulated Protein Kinases and Protein Phosphatases

Due to the multiple functions of zinc in cell growth and differentiation, metabolism,
apoptosis, and neurogenesis, zinc disturbance may participate in the development of neu-
rodegenerative diseases through distinct molecular mechanisms in different cell types
and disease stages. Especially in the development of AD, these mechanisms have been
thoroughly discussed in several outstanding reviews [70-72]. Protein phosphorylation is a
posttranslational modification that regulates the protein activity, degradation, and interac-
tion with other molecules. Protein kinases (PKs) and phosphatases (PPs), with their effects
of adding phosphate to or removing phosphate from the substrates, are key regulators



Biomolecules 2022, 12, 785

50f16

in controlling the phosphorylation of proteins. Abnormal protein phosphorylation is a
common pathologic event in neurodegenerative diseases. For example, APP and tau were
hyperphosphorylated in the AD brain, and hyperphosphorylated «-synuclein was found
in the PD brain, while for ALS, it was TDP-43 that was hyperphosphorylated [70,72]. In this
review, we discuss the role of zinc in regulating protein phosphorylation by influencing the
structures or activities of protein kinases and protein phosphatases, with the focus on tau
kinases and phosphatases (Figure 2).
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Figure 2. Protein kinases (PKs) and protein phosphatases (PPs) of tau regulated by zinc in AD.
Elevated zinc causes activation of kinases (GSK-3f3, CDK5, MAPK, PKA, PKC) and simultaneous
inhibition of phosphatases (PP-2A, PP-2B), leading to tau pathogenesis; the inhibition of PP-2A and
activation of JNK, CDKS5 also promote APP hyperphosphorylation and A3 deposition, ultimately
resulting in neuronal damage and disease development. Solid lines indicate there is known evidence
from literatures, and dashed lines indicate that direct evidence is still absent, but current data support
the hypothesis.

3.1. Zinc and Protein Kinases

Kinases that phosphorylate tau are classified into two types: proline-directed kinases,
such as glycogen synthase kinase 33 (GSK-33), cyclin-dependent kinase 5 (CDK5), MAP
kinase (p38, ERK, c-JNK), and other stress kinases; and non-proline-directed kinases, such
as protein kinase A (PKA), protein kinase C (PKC), calmodulin (CaM) kinase II, and MARK
kinase [73-77].
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3.1.1. Proline-Directed Kinases
GSK-38

Glycogen synthase kinase-3beta (GSK-33) is an evolutionarily conserved serine/threonine
kinase that was first discovered for its role in glycogen synthesis [78]. GSK-33 exerts its
function in numerous cellular processes including cell proliferation, DNA repair, cell cycle,
and metabolic signaling pathways. So far, GSK-3f3 is considered one of the most favorable
tau kinases [79,80]. Zinc ions can activate GSK-3f3. Treatment of SY5Y neuroblastoma cells
with 100 pM zinc sulfate induced GSK-33 phosphorylation at Ser9 and Tyr216, which were
reversed by PI3K and MEK1/2 inhibitors respectively, together with increased phosphorylation
of tau [81]. It is known that GSK-33 phosphorylation at Tyr216 activates GSK-3[3, whereas Ser9
phosphorylation results in GSK-3f3 inhibition [82]. Although the activity of GSK-33 was not
measured in this study, another experiment indicated that in cultured hippocampal progenitor
H19-7 cells, upon exposure to zinc (10 M) and zinc-specific ionophore pyrithione, GSK-3(3 was
phosphorylated at Ser9 and tyrosine sites (not identified), and enzyme activity assay indicated
the activation of GSK-33. At the same time, tau was hyperphosphorylated. Inhibition of
PI3K/ Akt or overexpression of kinase-deficient Akt (KD-Akt) rescued these changes induced by
zing; tau phosphorylation was reversed by the overexpression of kinase-deficient GSK-3f3 or its
dominant-negative mutant [83]. These data collectively indicate that zinc can activate GSK-3f3,
thus promoting tau phosphorylation. However, the precise molecular mechanism of GSK-33
activation by zinc needs further clarification. For example, tyrosine kinases/phosphatases
contributing to GSK-33 Tyr216 phosphorylation in zinc treatment have not been identified.

In addition to regulating tau phosphorylation, GSK-3f3 increased BACE1 gene expres-
sion through its effect on the BACE1 promoter, which in turn promoted A production,
whereas the administration of ARA (a GSK inhibitor) decreased BACE1-mediated APP
processing and the production of C99 and Af in vitro [84]. The ability of GSK-3f3 to con-
tribute to the phosphorylation of tau and A3 production provides a link between the two
pathologies and suggests a key role for GSK-3f3 in the pathogenesis of Alzheimer’s disease,
where zinc ions may be involved through activating GSK-3f3.

CDK5

Cyclin-dependent kinase 5 (CDKS5) is a member of the cyclin-dependent kinases
(CDKs), and its full activity in cells requires the binding of p35 or p25 regulatory subunits,
which are highly enriched in neurons. Different groups have identified the phosphorylation
sites of CDK5 on tau using amino acid sequencing or mass spectrometry, with Ser202,
Thr205, Ser235, and Ser404 being the most favorable [85,86]. Zinc can induce CDK5
activation through phosphorylation of CDK5 at Tyr15 in rat brain with ischemic injury [87].
In addition, it is known that iron ions can induce the phosphorylation of tau via CDKS5 in
the mouse hippocampus, while it remains to be explored whether zinc ions can exert a
similar effect [88]. APP can also be phosphorylated at Thr668 by CDKS5 in neuronal cultures
in vitro [89], suggesting an important role of CDKS5 in promoting amyloidosis in AD. Based
on these findings, it is reasonable to speculate that tau and APP phosphorylation by CDK5
may be induced by zinc, which needs further identification.

MAPKSs (p38, ERK, JNK)

MAPKSs are serine/threonine protein kinases that regulate the cellular signals in
response to a wide range of extracellular stimuli and play important roles in the regulation
of cell proliferation, differentiation, survival, and apoptosis. The mitogen-activated protein
kinase (MAPK) cascade reaction consists of three core kinases: MKKK, MKK and MAPK.
The top kinase of the triple kinase module is MAPK kinase kinase (MKKK). MKKK is a
serine/threonine kinase that, when activated, phosphorylates the next kinase in the module,
MAPK kinase (MKK). In turn, these kinases activate MAPK by directly phosphorylating
the Tyr and Thr residues in their activation loop motifs. MAPK is the final kinase in the
triple kinase module, phosphorylating substrates on serine and threonine residues [90].
In mammalian cells, several distinct MAPKs have been identified, mainly including p38
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MAPK, cjun N-terminal kinase (JNK), and extracellular signal-regulated kinase (ERK 1/2).
Multiple studies have shown the activation of MAPKSs in AD brains and their important
roles in mediating tau phosphorylation in cell and animal models [91].

Zinc may regulate the activity of MAPKSs directly or indirectly through regulating
the upstream MKKKs or MKKs. Most evidence is from cells treated by extracellular zinc
incubation or inducible intracellular zinc release, and evidence for the direct regulation of
zinc on enzyme activities of MAPKs is lacking. DTDP-induced intracellular zinc release was
found to activate p38 and cause neuronal death in vitro [92]. Elevated zinc ions can activate
ERK through the MAPK cascade of Ras/Raf/MEK and eventually lead to differentiated
PC12 cells death. The researchers also observed the activation of JNK, but the signal
pathway downstream of zinc leading to JNK activation was not further explored since JNK
activation seemed to not participate in cell death by zinc in this experiment [93]. In the
presence of 100 uM zinc ions, astrocytes can be activated through the ERK/Stat3 pathway
in vitro [22].

In relating to tau pathology, zinc ions can activate ERK via the Ras/Raf/MEK pathway,
ultimately causing tau 5214 phosphorylation in human wild-type SH-SY5Y cells expressing
tauy.441 [69]. A study on APP phosphorylation showed that JNK also plays an important
role in APP metabolism, as the JNK inhibitory peptide (D-JNKI1) prevents APP phospho-
rylation at Thr668, leading to a significant decrease in BAPP and A levels in H4-APP
cell line [94]. Administration of SP600125, a JNK-specific inhibitor, significantly reversed
amyloid plaque burden and synaptic loss in APP/PS1 transgenic mice [95]. Given the role
of MAPKs in APP and tau phosphorylation, several inhibitors targeting ERK, JNK or p38
have been developed as potential drugs for AD therapy [95-97].

3.1.2. Non-Proline-Directed Kinases
PKA

Protein kinase A (PKA) is a tetramer composed of two regulatory protein subunits, R,
and two catalytic subunits, C. When the second messenger cAMP binds to the R subunit, it
causes PKA activation. The phosphorylation of tau at Ser214 and PKA activity are increased
simultaneously in the dorsolateral prefrontal association cortex of macaques, suggesting
that tau phosphorylation may result from PKA activation. Moreover, the activation of PKA
by forskolin (Fsk) produced a dose-dependent increase in the phosphorylation of tau at
Ser214 in mouse primary cortical neurons [98,99]. In a study on sperm motility, extracellular
zinc was identified to bind and activate the Zn?* sensing receptor, which further activates
adenylyl-cyclase (AC) to increase [cAMP]i and activate PKA [100]. Another experiment
also showed that zinc exposure caused the activation of the cAMP/PKA pathway in human
bone marrow-derived mesenchymal stem cells [101]. However, till now there is no direct
evidence supporting that zinc induces the phosphorylation of tau via the cAMP/PKA
pathway.

PKC

Protein kinase C (PKC), consisting of 12 isozymes, is divided into three subfamilies
(classic PKC, novel PKC, and atypical PKC). The second messenger DAG and CaZ* play
a master role in PKC activation [102-104]. PKC not only induces the phosphorylation
of tau at the Thr231 and Ser313 sites, but also the phosphorylation of GSK3f3 at Ser-9,
thereby inhibiting GSK3f activity as well as GSK3p3-induced phosphorylation of tau at
Ser202, Thr205, and Thr181 in vitro [105-107]. These results suggest a complex effect
of PKC on GSK3p and tau. In neuronal cultures, zinc induces the activation of PKC,
which activates NADPH oxidase, accompanied by the production of nitric oxide synthase
(NOS) [108]. Short-term exposure to 300 uM zinc caused increased PKC activity and
cortical neuronal death in vitro, which were eliminated by Ca-EDTA or PKC inhibitors.
This suggests that PKC also plays an important role in zinc-induced neuronal death [109].
Insulin-induced increases in AB49,4» and phosphorylation of tau at Thr231 were blocked by
a PKC inhibitor ACPD in both cultured neuronal cells and mouse hippocampal slices [110].
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The above results suggest that PKC is also a potential kinase mediating zinc-induced
tau/APP phosphorylation in AD.

3.2. Zinc and Protein Phosphatases

Proteomic analysis of 6600 phosphorylation sites on thousands of human proteins
showed that phosphoserine (pSer), phosphothreonine (pThr) and phosphotyrosine (pTyr)
accounted for 86.4%, 11.8% and 1.8% of phosphorylated amino acids, respectively [111].
Protein serine/threonine phosphatases (PSPs), which are responsible for the removal of
phosphate from target proteins on serine and threonine sites, participate in many cellular
functions, such as cell cycle, growth, metabolism, transformation, and apoptosis [6]. PSPs
are classified as three families: phosphoprotein phosphatases (PPP), metal-dependent
protein phosphatases (PPM), and aspartic acid-based phosphatases (FCP/SCP, TFIIF-
associating component of RNA polymerase II CTD phosphatase/small CTD phosphatase).
The general classification of such phosphatases is based on the primary structure and
catalytic mechanism of the enzyme. The PPM family are metal-dependent protein phos-
phatases that act as single-subunit enzymes bound to Mn?* or Mg?*. This family is also
known as the PP2C family as members of PPP. It has been reported that the dysregulation
of PPM phosphatases may be associated with the development of tumorigenesis, metabolic
disorders, and cancers. Currently, its role in neurodegenerative diseases is under deter-
mination [112]; FCP/SCP uses an aspartic acid-based catalytic mechanism, and its only
known substrate is the C-terminal structural domain (CTD) of RNA polymerase II, which
contains a tandem repeat sequence of a serine-rich heptapeptide [113]. Among three PSPs,
zinc ions are rarely reported with PPM or FCP/SCP; here, we mainly focus on PPP, which
can be further classified into three types: PP-1, PP-2 (PP-2A, PP-2B), and PP-5.

3.2.1. PP-1

Protein phosphatase 1 is a ubiquitously expressed serine/threonine phosphatase.
In AD brain, the activity of PP-1 is decreased by ~20% [114]. In a study comparing the
dephosphorylation ability toward tau of different tau phosphatases, PP-1 was found to
account for ~11% of total brain tau phosphatase activity [115]. However, autopsy of
AD brain revealed that phosphorylated tau at Thr212 could only be dephosphorylated
by purified PP-1 but not by PP-2A /PP-2B [116]. PP-1 can be inhibited by many toxins,
such as OA and tautomycin, as well as endogenous protein inhibitors [113,117]. For the
recombinant catalytic subunit of PP-1, its activation requires the addition of Mn?* [118].
Chu et al. further investigated the effects of other divalent cations on PP-1 activity and
found that treatment of the recombinant PP-1 catalytic subunit with a combination of Fe?*
and Zn?* (but not the individual metal ions) significantly activated the phosphatase. These
results suggest that PP-1 may be an iron/zinc metalloprotein in vivo [119]. Till now, there
are still no studies that investigated the effect of elevated extracellular zinc on PP-1 activity
in cells. In a study exploring the toxicity of aluminum in rats, Al treatment increased the
protein level of GSK-3, whereas it decreased the protein level of PP-1« in the brain, which
were reversed upon zinc supplementation in drinking water. However, the underlying
mechanisms were not further explored [120].

3.2.2. PP-2A

Protein phosphatase 2A (PP-2A) is the major serine/threonine phosphatase in eukary-
otic cells, which contributes to ~71% of total brain tau phosphatase activity [115]. In the AD
brain, the activity of PP-1, PP-2A, and PP-5 are decreased [114,121]. PP-2A inhibition can
cause the hyperphosphorylation of tau at multiple AD-related phosphorylation sites [122],
as well as APP phosphorylation at Thr668 [123]. Both tau hyperphosphorylation and Af3
deposition are typical pathological features of AD [124,125]. Just as PP-1, the activity of
PP-2A catalytic subunit is also regulated by ions. A study compared the activity of the core
enzyme of PP-2A, which is composed of a catalytic C subunit and a scaffolding A subunit,
under different ion concentrations in vitro [126]. In the mammalian brain, the major core
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enzyme of PP-2A is CA [127,128]. The researchers reported that the Mn?*-dependent C'A’
and -independent CA PP2A can be purified from human erythrocytes, and CA is a Zn?*-
and Fe?"-metalloenzyme. For the Mn?*-independent PP-2A (C’A"), ZnCl, at a concentration
lower than 10 uM stimulated the phosphatase activity, whereas at higher concentrations,
this effect was attenuated. The PP and PTP activities of CA were unaffected by the same
zinc and/or iron treatment [126]. We explored the direct effect of zinc on PP-2A activity
through incubating neuronal cell lysates or purified recombinant PP-2A catalytic subunit
with zinc in vitro, and found that zinc at a concentration of 10 uM inhibited PP-2A directly,
and the binding site located in segment PP2Ac (51-270) [129]. Thus, whether excessive zinc
inhibits PP-2A in the brain, depends on the subunit composition of PP-2A and the exact
zinc concentration. While zinc concentration may exceed 10 uM under lots of pathologic
conditions, such as during ischemia, or in zinc-accumulated senile plaques in AD, it is
reasonable to speculate a direct inhibitory effect of zinc on PP-2A exists in the development
of brain disorders, such as stroke and AD.

In the brain, excessive zinc may also regulate the PP-2A activity indirectly through
cell signaling transduction. Y307 phosphorylation of PP-2A catalytic subunit was found to
potently inhibit PP-2A activity [130]. In cultured rat hippocampal slices, synaptic released
zinc promotes tau hyperphosphorylation through inhibiting PP-2A [67]. In cells and
the rat brain, zinc induced PP-2A inactivation and tau hyperphosphorylation through
Src-dependent PP2A-Y307 phosphorylation [67,131]. These findings suggest that zinc
disturbance is an important upstream factor contributing to PP-2A inhibition in AD.

3.2.3. Calcineurin/PP-2B

Calcineurin is a calcium- and calmodulin-dependent enzyme found in many cell types,
especially enriched in neuronal soma and processes. Calcineurin comprises a catalytic
“A” subunit, which interacts with calmodulin in a calcium-dependent manner, and a
regulatory “B” subunit [132]. Calcineurin can dephosphorylate tau at a few sites, but it
accounts for only ~7% of total brain tau phosphatase activity [115,133,134]. Decreased
expression of calcineurin contributes to abnormal tau hyperphosphorylation in mouse
models of Huntington’s disease, an autosomal dominant neurodegenerative disorder [135].
Calcineurin contains Zn?* in its catalytic domain and its activity can also be directly
regulated by exogenous zinc. It was reported that Zn?* at a concentration of 10 nM-10 uM
inhibited Ni?*-stimulated-calcineurin activity in a dose-dependent manner in vitro [136].
The inhibitory effect of zinc on calcineurin was also observed in cell experiments. Zinc at
30-100 uM inhibited the osteoclastogesis induced by receptor activator of NF-«B ligand
(RANKL) in mouse bone marrow-derived monocytes. During this process, the calcineurin
activity decreased in response to zinc but its protein level was unchanged. A similar result
was observed in doxorubicin (DOX)-treated H9¢c2 rat cardiac muscle cells: pretreatment of
H9c2 cells with exogenous zinc attenuated the DOX-activated calcineurin signaling in a
dose-dependent manner [137,138]. These findings collectively suggest an inhibitory effect
of zinc on calcineurin. In neurological-related diseases, this inhibition may promote the
hyperphosphorylation of calcineurin substrates, such as tau protein.

3.2.4. PP-5

Protein phosphatase 5 is ubiquitously expressed in all mammalian tissues, with a high
level in the brain. In the presence of arachidonic acid, PP-5 dephosphorylates tau at many of
the sites that are hyperphosphorylated in AD in vitro [139]. The activity, but not the protein
level of PP5, was found to be decreased by approximately 20% in AD neocortex [114,121].
Since PP-5 is a late-identified phosphatase, its interaction with zinc remains to be explored.

A summary of the changes of zinc-regulated kinases/phosphatases in neurodegenera-
tive diseases, and the possible regulating mechanisms of zinc, was list in Table 1.
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Table 1. Zinc disruption in regulating protein kinases and protein phosphatases in neurodegenerative

diseases.
Protein Kinase Expression Level or Activity Effect and Regulating Reference
or Phosphatase in Disease Progression Pathways of Zinc in Disease
Activation
GSK-3p ADT zinc-MEK /ERK/GSK-3p [81,140]
Activation,
CDK5 ADT; ALST; PD ¢t To be identified [141-143]
Activation
ERK ADT; PDT zinc-Ras/Raf/MEK/ERK [144-147]
Activation
JNK ADT; ALST To be identified [148-150]
Activation
p38 AD? To be identified [147,148]
PKA ADT; PD? Not explored [151,152]
PKC AD] Not explored [153,154]
PP1 AD|] Not explored [114]
Inhibition
PP2A AD] Direct effect, or through [131,155]
zinc-Src-PP2A(Y307)
Inhibition
PP2B HDJ To be identified [135]
PP5 AD|] Not explored [156]

AD, Alzheimer’s disease; ALS, Amyotrophic lateral sclerosis; CDK5, Cyclin-dependent kinase 5; ERK, Extracellular
signal-regulated kinase; HD, Huntington’s disease; GSK-33, Glycogen synthase kinase 3f3; JNK, c-jun N-terminal
kinase; PD, Parkinson’s disease; PKA, Protein kinase A; PKC, Protein kinase C; PP1, Protein phosphatase; PP2A,
Protein phosphatase 2A; PP2B, Protein phosphatase 2B; PP5, Protein phosphatase 5.

4. Conclusions

Zinc is one of the most important micronutrients. Zinc homeostasis is of great im-
portance for the central nervous system. Disturbed zinc metabolism is prominent in
neurodegenerative disorders, such as PD, ALS, and AD, which may participate in the
disease progress in multiple pathways. The abnormal hyperphosphorylation of proteins,
such as tau and APDP, is a hallmark in these diseases. Zinc can regulate the activity of
related protein kinases and phosphatases, accelerating this pathologic process. Solid data
support that elevated zinc may activate kinase GSK-33, MAPKs and inhibit phosphatase
PP-2A, thus promoting the hyperphosphorylation of tau and APP. Although the causal
relationship between zinc disturbance and tau/Af pathology remains to be further clari-
fied, targeting the zinc dyshomeostasis, thus preventing the disturbance of related kinases
and phosphatases, may be a new approach for the intervention of these neurodegenerative
diseases, which is worthy of further extensive exploration.
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