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Review

High level of Mn in brain is a risk for Alzheimer disease

YU Qin, ZHOU Yuan-Zhong
School of Public Health, Zunyi Medical University, Zunyi 563000, China

Abstract: Alzheimer disease (AD) is a neurodegenerative disease. Manganese (Mn) is an essential trace element in the human body.
It can enter the brain through the blood-brain barrier and blood-cerebrospinal fluid barrier. Excessive accumulation of Mn in the brain
may disturb the homeostasis of the central nervous system (CNS) microenvironment and cause severe neuronal damage. The most
recent data suggest that excessive Mn is associated with impaired learning and memory in animal models, and may lead to irreversible
and progressive mild cognitive impairment and AD. However, the mechanism for the involvement of Mn in AD pathogenesis remains
controversial. This paper reviews the effects of Mn on CNS, mitochondrial function, p53 expression, and amyloid precursor protein/
B-amyloid metabolism, and analyzes the relationship between these effects and AD pathogenesis.
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Alzheimer disease (AD) is an age-related neurodegen-
erative disease with progressive deterioration of memory
and impairment of cognitive function ", Cognitive
impairment commonly starts with mild symptoms and
gradually worsens . In 2001, more than 24 million
people were diagnosed with dementia, and the number
of dementia patients is estimated to double every 20
years with an estimated 81 million by 2040 "\, AD is
the most common type of dementia in the elderly . Tt
has affected several million people worldwide, and
both the incidence and prevalence of the disease
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increase with advancing age . In the next several
decades, an increase in the lifespan expectancy will
raise the number of people affected by the disease. In
turn, this will become a significant public health
concern in developed and developing countries and a
constraint on individuals, families and society .

The anatomical characteristics of AD includes the
following: (1) lesions made up of senile or neuritic
plaques and neurofibrillary tangles in the medial tem-
poral lobe structures and cortical areas of the brain; (2)
degeneration of the neurons and synapses . So far,
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there have been a complicated array of molecular
events proposed to explain the pathogenesis of AD,
which contains a variety of pathological conditions,
Bl amyloid-p (AP) aggregation,
plaque development ', cell-cycle abnormalities "', neu-

such as oxidative stress

roinflammation ™, mitochondrial dysfunction, and
energy failure ™ *. More than 95% of AD cases are
non-familial and late-onset (age > 65 years) sporadic
[10]’ sug-
gesting that the environmental factors, such as toxic
chemicals exposure, may play a significant role in AD

ones that express no clear genetic association

pathogenesis.

It has also been reported that altered homeostasis of
some metal elements may be related to the progression
of AD. Because of the proposal of the “One Health”
concept, which encourages collaboration among medi-
cine, veterinary science, and environmental science
around the world to attain optimal health for people,
animals, and the environment """ there has been
increasing concern for the relationship between toxi-
cology and the “One Health”. It is generally recognized
that the manganese (Mn) is a neurotoxin. Over the past
few decades, the studies on Mn neurotoxicity have
been mostly focused on the impairment of motor func-
tion in Parkinson’s disease (PD) "> "
Mn exposure may lead to earlier impaired cognitive

, neglecting that

function in AD. However, it has not yet been deter-
mined whether Mn is responsible for the onset and pro-
gression of AD that is observed in the mice exposed to
Mn. In this review, we aim to highlight the mechanisms
by which Mn overexposure may mediate or trigger AD
pathogenesis.

1 Mn and its role in normal physiology

Mn is the 12th most abundant element on the earth and
the fifth most abundant metal in the environment "',
Mn is an essential trace element and plays important
roles in normal physiological functions in humans. Mn
is involved not only in the metabolism of three major
nutrients (lipids, proteins, and carbohydrates), but also
in the synthesis and activation of many enzymes as a
cofactor or active center "\, In humans, the minimum
daily dietary requirement for Mn ranges from 2.5 to 5.0
mg ", and the predominant oxidative state of Mn is
Mn”*, which is primarily present in the liver, kidney,
pancreas, bone, and brain " Some studies have high-
lighted that the imbalance of Mn in the brain is associ-
ated with cognitive impairments, including attention
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deficits, reduced scores on tests of working memory,
lower scores on cognitive tests, impaired learning, and
prolonged reaction time " '*. In adults, the normal
blood concentration of Mn has been shown to range
from 8.6 to 16 ng/mL "%; the physiological concentra-
tion of Mn in the human brain ranges between 5.32—
14.03 ng/mg protein, and the pathophysiological
threshold of Mn in the human brain ranges between
15.96-42.09 ng/mg protein """\, Importantly, Mn-
induced neurotoxicity is associated with the accumula-
tion of Mn and the susceptibility of different brain
regions. As our knowledge of Mn exposure and ensuing
toxicity grows, we have discovered that in addition to

occupational Mn exposure ''*!

, excessive Mn exposure
may also occur in the natural and iatrogenic environ-
ments, such as parenteral nutrition or infant formulas .
Mn deficiency is rare in humans, whereas Mn-induced
toxicity, particularly neurotoxicity, is more prevalent ",
Chronic Mn exposure produces a neurological syndrome

with behavioral, psychiatric, and cognitive features.

2 Mn-induced neurotoxicity

2.1 Mn and the brain barrier system

The blood-brain barrier (BBB) and blood-cerebrospinal
fluid (CSF) barrier (BCB) are two indispensable brain
barriers that separate the systemic blood circulation
from the brain "', The BBB consists primarily of
cerebral capillary endothelial cells, pericytes, astrocytic
end-feet, and basement membranes "®. The basic com-
ponents of BBB are brain capillary endothelial cells
with highly polarized distinct apical and basolateral
compartments, which are involved in the exchange of
brain and peripheral substances . The main function
of the BBB is to prevent substances from leaving the
blood and entering the brain tissues and to maintain the
neuronal microenvironment and central nervous system
(CNS) homeostasis during physiological and patholog-
ical processes "°'. In contrast, the BCB is primarily
composed of choroidal epithelial cells " The main
function the BCB is to regulate the effusion of mole-
cules from the CSF into the blood or in the reverse
direction .

Mn plays a significant role in nervous system as a
second messenger, is involved in the synthesis of
superoxide dismutase and glutathione enzyme, and reg-
ulates the expression of genes'”. Additionally, Mn
needs to be maintained at an optimal physiological level

to ensure normal functioning of the nervous system "'’
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Inhaled Mn can bypass the liver to enter the blood-
stream, from there, it can enter the brain via the olfac-
tory tract . Thus it is easy for inhaled Mn to accumu-
late in the brain ’!. For the ingested Mn, when the
level of Mn in the body is within the physiological
concentration, Mn can be transported across the brain
capillary endothelium into the CNS via specific carriers
that are in the luminal and abluminal membranes of the
endothelial cells ***!. Mn"" enters the brain capillary
endothelium via free ions or non-specific divalent metal
transporter-1 (DMT-1), while Mn" accesses the brain
capillary endothelium via a transferrin receptor-mediated
mechanism "'”’; when the brain lacks of active transport
from the CNS to the systemic circulation, Mn easily
accumulates in the CNS ', The accumulation of Mn in
the CNS impairs the mitochondrial electron transport
chain and causes neurocytotoxicity ¥ As a carrier
membrane protein, DMT] is also expressed in the choroid
plexus epithelial cells and delivers Mn to the CNS *°.
When the concentration of blood Mn is > 78 umol/L,
Mn travels primarily through the choroidal epithelial
cells into the CNS . The level of Mn that accumu-
lates in the choroidal epithelial cells is greater than that
in the cerebral cortex (150-fold) or CSF (1 000-fold) ™.
The choroidal epithelial cells exposed to Mn increase
the uptake of a-synuclein, a key pathogenic factor of
neurodegenerative diseases, such as PD and AD 7.

It has been observed that half-life (t,,) of Mn in the
rat skeleton was 143 days, and in brain tissue, includ-
ing the nerve ganglia basal, brainstem, and cerebral
cortex, was about 51-74 days . Robison et al.
have demonstrated by X-ray fluorescence imaging that
the accumulation of Mn in the rat brain is ranked as
follows: globus pallidus, cerebral cortex, thalamus,
substantia nigra, caudate nucleus, axon bundle. In
addition to these areas, Mn has also been shown to
accumulate in the hippocampus and striatum “”. The
accumulation of Mn will cause different degrees of
damage in different targets; for instance, the reduction
of myelinated nerve fibers in the globus pallidums and
striatum, the atrophy of ventricular volume, the aber-
rant of dopamine signaling, the reduction of cholinergic
neurons, the activation of astrocytes, and the neuronal
death or apoptosis ", Growing evidence has also
shown that overexposure to Mn may impair the integrity
of the brain barrier functions, which may affect the normal
exchange of material and brain microenvironment
homeostasis, causing inflammation, abnormal brain

function, and eventual neurodegenerative diseases.

2.2 Mn and dysfunction of neuronal mitochondria
Mitochondria are known as important regulators of the
cell cycle and play a central role in ageing “”. Mito-
chondrial dysfunction, including oxidative phosphory-
lation-electron transfer coupling abnormalities and
membrane potential changes, eventually leads to the
apoptosis of the cells °**". Mn can accumulate in the
mitochondria of neurons, since Mn can enter the mito-
chondria but has an extremely slow efflux rate from
them ”). Several researchers have suggested that the
dysfunction of neuronal mitochondria is heavily impli-
cated in Mn-induced neurotoxicity .. In an in vitro
study, neuronal cell lines, N27 (a rat dopaminergic neu-
ronal cell line from the midbrain) and PC12 (derived
from a pheochromocytoma of the rat adrenal medulla),
as well as non-neuronal cell lines, Z310 (choroid plexus
epithelial cells) and RBE4 (rat brain endothelial cells),
were incubated with 100 pmol/L MnCl, for 24 h. The
results suggested that Mn was more likely to accumu-
late in neuronal cells compared to non-neuronal cells;
less than 0.5% Mn accumulated in the mitochondria *”.
Nonetheless, the negative effects of Mn on neuronal
mitochondria should not be underestimated ",

Mitochondrial dysfunction is one of the characteris-
tics of all neurodegenerative diseases. Some findings
have emphasized that dysfunction in mitochondrial
fission and fusion may underlie both familial and
sporadic forms of neurodegenerative disorders .
Some studies have also suggested that AP peptide,
which is causally linked to AD, is involved in mito-
chondrial fission dysfunction "*. Zheng et al. ** has
suggested that chronic Mn exposure significantly inhibits
mitochondrial aconitase activity. Anantharaman et al. °
has further suggested that chronic Mn exposure does
not change Mn superoxide dismutase (MnSOD) protein
levels in the brain of APP/PS-1 mice compared to wild
type mice; in the APP/PS1 mice, MnSOD activity and
mitochondrial respiration were limited.

Neurons contain many mitochondria, cytochrome
oxidases, mitochondrial DNA (mtDNA), and lipofuscin-
associated vacuoles. Some reports have shown a con-
sistent and significant increase in mtDNA and cyto-
chrome oxidase in AD using in situ hybridization to
mtDNA, immunocytochemical labeling cytochrome
oxidases, and morphometry of electron micrographs of
biopsy specimens; in contrast, mitochondria were
found to be markedly reduced in AD . As the level of
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Mn in the brain increases, excess Mn will accumulate
in the mitochondria; this could inhibit mitochondrial
energy transduction, accelerate the production of free
radicals, and promote mutations of the mitochondrial
genome 7. The excess Mn can also inhibit mitochon-
drial oxidative phosphorylation, three tricarboxylic acid
cycle, electron transport chain, and a series of important
enzymatic activities '’

The above evidence indicates that chronic Mn expo-
sure might induce mitochondrial energy metabolism
abnormalities, further triggering mitochondrial structure
damage, oxidative damage, and brain metabolic abnor-
malities; these changes may be additional pathogenic
mechanisms of AD.

2.3 Mn and AP peptide

The accumulation of AP and formation of senile
plaques and neurofibrillary tangles are important patho-
physiological hallmarks of AD "', The amyloid cascade
hypothesis is the most prominent hypothesis for
explaining the pathogenesis of AD (Fig. 1). The
hypothesis states that AP is a key factor in inducing or

Mutations in the APP, PS1, PS2, APOEe4

ApB production )

Mn2?* specifically binds to N-terminus of AB

Gene expression
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triggering AD "' AP is a natural products that is formed
during cellular metabolism and is generated from amy-
loid precursor protein (APP) cleavage catalyzed by f3-
and y-secretase. Beta-site APP cleaving enzyme 1
(BACE1) is a typical aspartyl protease, and y-secretase
is an aspartyl protease complex composed of four indi-
vidual proteins (presenilin-1, nicastrin, anterior phar-
ynx-defective 1, and presenilin enhancer 2), in which
presenilin-1 contains the protease active and working
intramembrane sites ", It was shown that APP is
hydrolyzed by a-secretase to produce soluble APPa
(which does not induce neurotoxicity) and APP-C83,
whereas APP hydrolyzed by B- and y-secretase can pro-
duce AP fragments "**. AB self-aggregates sponta-
neously into oligomers with 2 to 6 AP peptides, and the
oligomers are more neurotoxic than the Ap monomers.
AP peptides can also be arranged into a B-sheet, and
ultimately transformed into insoluble fibers of senile
plaques. Soluble oligomers and intermediate amyloid
assemblies are the predominant neurotoxic forms of
AP P¥. In the early stage of AD, toxic soluble AP oligo-

Environmental harmful factors, such as Mn?*

Mn2* ’

AB deposition

Gradual formation of senile plaques

'

Dementia

Fig. 1. AP cascade hypothesis. According to this hypothesis, the central event in AD disease pathogenesis is an imbalance between A

production and clearance, leading to AP deposition and gradual formation of senile plaques. Mn”" can specifically bind to the N-terminus

of AP, resulting in AP deposition, senile plaque formation, and eventual AD pathology.
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mers damage the structure and function of neuronal
synapses. As the amyloid burden increases, these soluble
fragments are gradually deposited as insoluble amyloid
plaques in the parenchyma and around the vasculature,
causing an inflammatory response. By the later stages,
aggregations of intracellular neurofibrillary tangles
disrupt cellular function and contribute to neuronal
death ", AB missfolding and imbalance of AP clear-
ance and deposition are not limited exclusively to the
brain parenchyma **, suggesting that systemic misfolding
events could be a consequence of external influences.
Anantharaman et al. ™ used a APP/PS1 mouse model
that recapitulated the natural progression of Ap pathol-
ogy, which is similar to that observed in AD patients;
their results suggested that AP deposition or plaques in
the cortex and hippocampus of APP/PS1 mice were
age-related and region-dependent.

Growing evidence suggests that Mn homeostasis is
disturbed in AD and may be associated with the
progression of AD. Using Mn®" as paramagnetic probes
in Ap or micelle, Jarvet et al. * found that Mn>" was
specifically bound to the N-terminus of APB. Wallin et
al. "™ further suggested that Mn®* binds to the N-terminal
end of the AP, peptide between millimolar to micro-
molar ranges using nuclear magnetic resonance spec-
troscopy. Tong et al. ") measured the level of Mn in the
whole blood of 40 Chinese elders with different cogni-
tive statuses and neuropsychological tests scores. The
results showed that the level of Mn in the whole blood
was highly correlated with cognitive function (Mini-
Mental State Examination and Clinical Dementia
Rating Scale scores) and plasma AB,,, and AR,
peptide levels. They further determined that high level
of Mn has disrupted AP metabolism in N2a mouse neu-
roblastoma cells; high Mn caused a down-regulation of
two major enzymes involved in AP degradation, nepri-
lysin and insulin degrading enzyme, without altering
the APP expression, and there was a dose-dependent
effect of Mn on neurotoxicity.

These fruitful works have revealed that Mn has a
slightly affinity for AP and high level of Mn may be
associated with degradation of AB. So excessive Mn
may accelerate the accumulation of A in the extracel-
lular space of the brain, thereby increasing Ap neuro-
toxicity and accelerating the disease progression.

2.4 Mn and p53

p53 has a variety of important functions, such as regu-
lation of gene transcription, DNA synthesis and repair-

ment, cell cycle, cell senescence and apoptosis'**. Neu-
ronal apoptosis is closely interrelated to changes of
mitochondrial ion permeability, release of apoptotic
factors and apoptosis inducing factor, activation of
caspases, and condensation and degradation of nuclear
DNA ™ Tt is well known that the activation of p53 in
damaged neurons in neurodegenerative diseases, such
as AD, is especially harmful. This suggests that the
activation of p53 may be involved in the development
of neurodegenerative diseases > *'. It has been
observed that there are some changes in p53 mRNA
and protein expressions in acute impaired neuronal and
neurodegenerative diseases. Elevated expression of p53
is mainly present in neurons of the injured cortex and
hippocampus “. It is another typical feature that p53
gene DNA damage is caused by mutations in preseni-
lin-1 ™', Thus, the activation of p53 plays an important
role in the pathogenesis of AD.

It has been reported that numerous changes in p53
target genes or proteins occur in the frontal cortex of
animals exposed to Mn ", Activated p53 may play a
vital role in altering gene expression of the glial cells in
the frontal cortex of Mn-treated animals. pS3 immuno-
reactivity has also been detected in the brain tissue of
AD animals models and AD patients “’. Research by
Guilarte et al. **" further indicated that the Mn-
induced gene changes are related to activation of p53
gene or interaction with the p53-associated protein
product in non-human primates; equivalent to the p53
gene changes, p53 protein levels were increased in the
frontal cortex neurons and glial. These results provide a
new direction for the study of Mn-induced neurotoxicity.
The accumulation of Mn in the frontal cortex is lower
than that in the globus pallidus **. However, the neurotox-
icity related to Mn is not dependent on its accumulated
concentration and may be associated with susceptibility
of specific brain tissues in different species.

2.5 Mn and APLP1

The APP family consists of APP and the amyloid pre-
cursor-like proteins (APLP1 and APLP2) ™. APP and
APLP2 are expressed in almost all tissues of the body,
while APLP1 expression appears to be limited in the
brain *”. The human APP gene has been mapped to the
long arm of chromosome 21, and its mutation is related
to the AD neuropathology °"'. AB is a normal product
of APP metabolism and can be measured in CSF and
plasma. Fundamental researches have showed that the
AP aggregation is caused by mutations in APP. These
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mutations promote the generation of neurotoxicity of
AB by favoring proteolytic processing of APP %%,
An essential experiment in this area suggested that
mutations in the internal AP sequence of APP cause
self-aggregation of Ap into amyloid fibrils ©'. APLP1
is enriched in the post-synaptic membrance of cerebral
cortex and hippocampus “”, and the elevated expres-
sion of APLP1 induces neuronal apoptosis and neuro-
degeneration disease .

A gene expression profiling experiment in the frontal
cortex of cynomolgus macaques who received 3.3-5.0
mg/kg of Mn weekly for 10 months showed that 61 out
of 6 766 genes were significantly up-regulated com-
pared to those in control macaques, and the most highly
up-regulated gene was APLPI 7. Additionally, it was
found that APLP1 immunolabeling was increased in
subcortical white matter cells in Mn-treated animals,
and the morphology of the white matter was similar to
that of the interstitial. Immunohistochemistry also indi-
cated that the animals that were exposed to Mn had AP
plaque accumulation in the frontal cortex . These
results relate to the pathogenesis of AD, and non-
human primates have a close genetic relationship with
humans. Therefore this study provides substantial evi-
dence for Mn-induced neuronal apoptosis and AD in
humans.

3 Conclusion

In conclusion, Mn mediates or triggers a neurological
syndrome with psychiatric and cognitive symptoms,
including dysfunction of mitochondria, p53, and APP/
AP metabolism. The toxic effects of Mn are dose-
dependent; the longer the exposure to Mn, the greater
the damage is /. Even if the Mn exposure is terminated,
the damage is increasing, indicating that Mn-induced
nervous system damage is irreversible *?. It is well
known that the causes of AD are multifactorial, and
may involve neuroinflammation, p53 expression changes,
and APP/AB-related metabolic disorder, mitochondrial
energy metabolic imbalance, and other processes.

AD is most common in the elderly diseases, but its
associated morbidity does not necessarily begin at old
age; the average latency of AD is 15, or even up to 20
years >, With the continuous development of indus-
trial processes and the extensive use of ferromanganese
alloy and methylcyclopentadienyl manganese tricar-
bonyl (MMT), most people may be exposed to more
than the physiological concentration of Mn. Since the
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changes of motor function and emotional induced by
Mn exposure are most noticeable, there is a lack of
awareness about cognitive effects of Mn exposure,
which has not yet received widespread public atten-
tion. In fact, Mn-induced neurotoxicity not only dam-
ages dopamine neurons and induces PD-like motor
function problems, but also induces AD-like neuropathy
by accumulation of Mn in the choroid plexus, hippo-
campus, cortex and other brain areas. Unfortunately,
the mechanism by which Mn induces or mediates AD
pathogenesis remains to be determined. Therefore,
future studies should use animal and cell-based experi-
ments to explore the imbalance in mitochondrial energy
metabolism, neuronal damage and synaptic loss, hippo-
campal metabolism and structural dysfunction, and
other AD-related mechanisms that involve Mn.
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