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Abstract: Alzheimer’s disease (AD) is a neurodegenerative disease associated with senile plaques (SP) and neurofibrillary tangles
(NFTs) in the brain. With aging of the population, AD has become the most common form of dementia. However, the mechanisms
leading to AD are still under investigation, and there are currently no specific drugs for its treatment. Therefore, further study on the
pathogenesis of AD to develop new drugs for AD treatment remains a top priority. Several studies have suggested that intracellular
calcium homeostasis is dysregulated in AD, and this has been implicated in the deposition of amyloid § (AB), hyperphosphorylation of
tau protein, abnormal synaptic plasticity, and apoptosis, all of which are involved in the occurrence and development of AD. In
addition, some based on pathways linking calcium homeostasis and AD have achieved results in AD treatment. This review
comprehensively explores the relationship between calcium homeostasis and the pathogenesis of AD to provide a theoretical basis
for the future exploration of AD and the development of novel therapeutic drugs.
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Introduction

Alzheimer’s disease (AD), the most common form of dementia, is characterized by memory loss, impairment of daily
activities, and abnormal neurobehavior." AD is associated with low public awareness, low patient visit rate, lack of
innovative and effective treatment methods, and high family and social care costs. In addition, the pathophysiology of
AD is poorly understood and presents one of the biggest medical and social challenges. Despite the fact that AD was first
discovered more than 100 years ago, there have been few innovative drugs for the treatment of AD worldwide. Currently,
the most widely used clinical drugs include N-methyl-D-aspartate receptor (NMDAR) antagonists and acetylcholinester-
ase inhibitors (AChEIs), both of which have unsatisfactory effects.” In addition, there are many defects in some other
emerging treatment options, such as immunotherapy and B-secretase inhibitors.* The Food and Drug Administration
(FDA) approved a new drug for the treatment of AD on June 7, 2021. Biogen and Eisai’s anti-amyloid antibody
aducanumab, now called Aduhelm, removes amyloid plaques from the brain, is still controversial, and its ability to slow
cognitive decline has remained uncertain in trials to date.” Therefore, the development of new drugs for AD treatment
remains a top priority.

Calcium is known to play an essential role in our bodies, and can regulate a variety of activities, including
neurotransmitter transmission, synaptic contact, cell proliferation, and apoptosis.® Growing evidence in a variety of
AD models indicates that dysregulation of intracellular calcium homeostasis is related to the neurobiology of AD.
Calcium is closely associated with apoptosis, deposition of amyloid B (AB), hyperphosphorylation of tau protein, and
abnormal synaptic plasticity, all of which are essential pathological hallmarks of AD. There has been a range of studies
that indicate therapies targeting calcium-associated receptors can reverse AD-related pathological changes, including
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protecting neurons, ameliorating synaptic defects, amyloid and tau aggregation.®'' For example, mitochondrial
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permeability transition pore (mPTP) work to maintain mitochondrial calcium homeostasis, and studies have shown that
inhibiting mPTP can ameliorate cognitive deficiencies in AD transgenic mice.” The ryanodine receptor (RyR) is a
channel that exist in the endoplasmic reticulum (ER), previous studies have shown that cannabinoid-based therapies can
modulate RyRs, reverse AD-related pathological changes, and mitigate cognitive deficits.” The list goes on. As a result, it
is believed that the development of drugs for the treatment of AD based on calcium homeostasis is feasible.

This review aims to provide a reference for more effective prevention and treatment of AD by studying the biological
characteristics of calcium and its correlation with AD.

Biological Properties of Calcium Homeostasis

Formation and Maintenance of Calcium Homeostasis

Calcium is an indispensable substance for cell life. The precise regulation between the influx and removal of calcium ions
generate calcium signals, then regulates a variety of activities in neurons.® The increase in calcium concentration in cells
occurs mainly in two ways: the inflow of extracellular calcium ions, and the release of calcium from the calcium pool.'?
Both approaches are achieved through molecular tools with specific distributions and effects within cells, working
together to maintain calcium homeostasis.'*

The NMDAR is a glutamate receptor present on the plasma membrane (PM) that mediates the influx of calcium ions
together with sodium and potassium ions.'* The voltage gated calcium channel (VGCC) is a class of receptors present on
the cell membrane, which are activated by changes in membrane potential, and then increases the intracellular calcium
concentration through persistent hyperpolarization, which may be mediated by NMDAR activation.'> Recent studies
have predicted that reductions in the density of VGCC, increases in calcium buffer concentrations, and changes in the
rate of calcium ion extrusion pumps might counteract the different forms of calcium imbalance. Moreover, it is predicted
that calcium ion extrusion pump efficacy is reduced with aging, producing noticeable increases in resting calcium levels,
explaining the calcium changes in AD.'®

The inositol trisphosphate receptor (IP3R) and the ryanodine receptor (RyR) exist in the endoplasmic reticulum (ER),
which is the main calcium pool, and its calcium concentration is much higher than that in the cytoplasm.'> IP3 and
calcium ions interact with each other and act together on the IP3R channel, leading to the switching of the channel and
the selective penetration of calcium ions.'” It is known that store-operated calcium entry (SOCE) regulation through
transient receptor potential channel (TRPC) is critical for maintaining ER calcium levels in non-excitable cells.'®
Although the evidence for SOCE in neurons remains contentious, TRPC1 is involved in regulating calcium homeostasis
thus contributes to neuronal survival.'®

Mitochondria play a fundamental role in maintaining intracellular calcium homeostasis.® When the concentration of
calcium in the cytosol increases the mitochondria take calcium ions through the mitochondrial calcium uniporter
(MCU)." If the mitochondrial calcium is overloaded, the mitochondrial permeability transition pore (mPTP) in the
inner mitochondrial membrane will be opened.

The excretion of calcium ions is mainly achieved through the plasma membrane calcium ATPase (PMCA) and the
sodium-calcium exchanger (NCX) (NCLX in mitochondria).

Calcium Homeostasis Disorders

Calcium dysregulation is often implicated in the pathogenesis of AD.?° Myriad studies have shown that presenilin (PS)
mutations can cause changes in intracellular calcium homeostasis through different mechanisms,'® such as enhancing the
functions of IP3R and RyR and TRPC?' or affecting CCE pathways,?* inhibiting the function of PS-mediated calcium

323726 and encouraging lysosomal calcium release.”’ Additional studies have shown that Ap also causes intracel-

release
lular calcium homeostasis disorders.'? Calcium homeostasis disorders are considered to be caused by generalized
thinning of neuronal membranes caused by Ap; these membranes work hard to maintain calcium concentrations, and
AP changes the activity of calcium-related receptors,”® leads to the formation of pores that mediate calcium ion influx®

and induces oxidative stress, all of which lead to dysregulated calcium ion entry.® The current evidence indicates that
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calcium homeostasis disorders are caused by AP and that PS mutations occur in the early stages of AD; however, the
specific mechanism still requires further research.

PSI Mutations in FAD are Related to Changes in Calcium Signaling

Sporadic AD (SAD) accounts for 90% of AD cases. Familial AD (FAD), which is characterized by early onset and
inheritance, accounts for only a small component of AD cases. It is reasonable to use the experimental model of FAD to
study AD due to the lack of a suitable SAD model and the overlapping clinical symptoms, including AP deposition and
neuron loss.*

Presenilinl (PS1) is involved in y-secretase-mediated proteolytic cleavage of the C-terminal transmembrane frag-
ments of APP after their generation by o- and B-secretase(s).>* PS1 mutation, accounting for more than 80% of the total
known FAD-causing mutations,’' leads to increased intracellular calcium through different mechanisms, resulting in
pathological changes in AD.'> As mentioned above, the calcium ions stored in the ER can be released into the cytoplasm
through RyR and IP3R, whose function is enhanced when PS1 is mutated, increasing the cytoplasmic calcium
concentration. PS1 mutation also heighten the cleavage of STIMI, decrease calcium ion influx, and disintegrate mature
dendritic spines on the surface of neurons.?'*? Recent experiments have found that PS1 knockout or inactivation leads to
a significant increase in capacitive calcium entry (CCE). However, the mutation of PS 1/2 in FAD weakens CCE,
indicating that PS plays a valuable regulatory function in CCE, thereby affecting the intracellular calcium concentration.
Nevertheless, AP has no effect on CCE; therefore, CCE may be an early event that leads to the production of AP
associated with the PS mutation in FAD.?* Besides, PS itself functions to induce the release of calcium® by forming
passive calcium ion leak channels on the ER, thus implicating defective calcium signaling in AD.?*** However, mutation
of PS can inhibit this function and cause calcium overload in the ER.'**>® Moreover, PS1 is a key protein for lysosomal
acidification, and previous experiments have found that defective lysosomal acidification in PS1 knocked out cells leads

to the release of calcium ions in the lysosome and increases the intracellular calcium concentration.?’

AP Aggregation Causes Calcium Homeostasis Disorder

The calcium hypothesis of AD posits that activation of the amyloidogenic pathway remodels neuronal calcium signaling,
and alters normal calcium homeostasis and the mechanisms responsible for learning and memory. Many studies have
demonstrated that AP upregulates calcium in neurons, causing intracellular calcium overload, which causes abnormal
neuronal metabolism, neuronal apoptosis, and memory decline.'” Previous studies have shown that AP increases the
intracellular calcium concentration instantaneously, followed by cell death.** Calcium overload in neurons leads to
dendrite disintegration, and changes in neuronal morphology depend on the existence and proximity of senile plaques,
leading to dendrite disintegration.®* In transgenic mice, the mitochondrial calcium concentration has been shown to
increase after plaque deposition, preceding neural death.

There are some conjectures about the mechanism by which AP causes intracellular calcium overload. The first, is that
AP causes generalized thinning of neuronal membranes, which have to work harder to maintain internal calcium
concentrations. The second, is that AP alters the activity of receptors that respond to stimulatory signals.*® Indeed,
research has shown that AP oligomers can directly activate NMDARs.*® APOE4 induces NMDAR-mediated calcium
influx,>” which is amplified in the presence of A.**>° Third, toxic forms of AP can induce calcium ion influx into
neurons by inducing membrane-associated oxidative stress.”> Ap interacts with Fe2+ and Cu+ to generate dihydrogen
monoxide and hydroxyl radicals, which cause membrane lipid peroxidation to generate toxic lipid aldehydes; damage to
ATPase affects the transport of glutamate and glucose and causes calcium overload.*® Finally, AB forms calcium ion-
permeable pores that lead to dysregulated calcium ion entry into the cytoplasm of brain cells, similar to tau. Notably, the
ability of both proteins to form pores is determined by their structure and aggregation stage.® Nonetheless, this proposed
mechanism is controversial, although A increases the permeability of cell membranes, it does not seem to depend on the

formation of ion channels.
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Relationship Between Calcium Homeostasis and AD

The connection between calcium and AD was first observed several decades ago,*'** but there is growing evidence
supporting this hypothesis, strongly implicating a role for calcium in AD. To take a trivial instance, RNA expression of
genes involved in calcium regulation is altered in AD brains.” Changes in calcium homeostasis occur in the early stages
of AD and are accompanied by changes in calcium-dependent proteases.*> The mechanism by which calcium influences
AD progression can be divided into the following four pathways: (1) large amounts of calcium influx cause calcium
homeostasis disorder, which causes neuronal structure damage, cell necrosis, and dysfunction; (2) increased intracellular
calcium concentrations lead to the deposition of AB; (3) intracellular calcium overload causes abnormal phosphorylation
of tau and inhibits its binding to microtubules, eventually resulting in neurofibrillary tangles;** and (4) calcium home-
ostasis disorder leads to abnormal synaptic plasticity in the brain, which is associated with cognitive impairment in
patients with AD.

Calcium Homeostasis Disorders Cause Apoptosis

Apoptosis is closely related to calcium homeostasis. For example, calcium activates PKC to modulate the downstream
pathways involved in cell survival and division.'> Moderately increased intracellular calcium concentration promotes cell
proliferation, but in the context of intracellular calcium overload, it can cause the mitochondrial calcium concentration to
increase and then initiate the release of pro-apoptotic factors that promote cell death.* Studies suggest that excessively
increased mitochondrial calcium concentration stimulates the enzymes in the tricarboxylic acid cycle, ATP synthase,
adenine nucleotide translocator, and oxidative phosphorylation in mitochondria to promote the synthesis of ATP and
increase the generation of reactive oxygen species (ROS). Moreover, some researchers believe that calcium can change
the three-dimensional conformation of the respiratory chain complex and induce the generation of ROS, the excessive
generation of which can cause damage to the mitochondrial inner membrane, mitochondrial swelling, release of
cytokines and activator-1, and activate caspases to induce apoptosis.*® Inversely, the regulation of intracellular calcium
levels requires ATP consumption. The calcium hypothesis of AD suggests that the reduction of ATP production
efficiency in elderly neurons weakens the calcium regulation mechanism, resulting in an increase in intracellular calcium
concentration, which in turn eventually leads to cell death.*’

Furthermore, not only is the mechanism of mitochondrial calcium efflux impaired, but NCX expression is lost in
multiple AD experimental models.*® When neurons are exposed to repeated calcium stimulation, tau-induced NCLX
damage leads to faster mitochondrial depolarization, which indicates an increased vulnerability to cell death induced by
calcium. Additional studies have noted that MCU overexpression exacerbates excitotoxic cell death. Notably, there was
no death in neighboring cells with low mitochondrial calcium levels, which once again emphasizes the promotion of
apoptosis by mitochondrial calcium overload.®

AP oligomers can inhibit calcium transfer from the ER to the mitochondria in aging neurons (for example, TOM70
was found to impair IP3-related calcium transfer from the ER to mitochondria), thereby reducing mitochondrial potential,
enhancing ROS production, and inducing cell apoptosis.” Ap has also been proposed to destroy brain cells by forming
channels in neuronal membranes to deregulate calcium homeostasis, as mentioned earlier.”® Moreover, AB oligomers-
stimulated calcium influx via the NMDAR is necessary for initiating cell cycle reentry (CCR), a prelude to neuronal
death in AD.*’ There has been speculation that calsenilin binds to PS and changes its endoproteolytic processing to
disrupt intracellular calcium homeostasis and increase the susceptibility of neurons to apoptosis.*®

Interestingly, degeneration in AD typically manifests as high levels of NMDARs, with relatively low levels of some
calcium-binding proteins (CaBP) compared to resistant neurons, suggesting that calbindin buffers calcium ion loads and
protects neurons against excitotoxicity.” The age-related loss of the calcium-binding protein calbindin-D28K (CB) from
the basal forebrain cholinergic neurons (BFCN) makes the BFCN vulnerable to calcium dysregulation that follows

neurodegenerative insults, and results in the selective vulnerability of these neurons to degeneration.>!
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Calcium Homeostasis Disorder and AP} Deposition

The amyloid cascade hypothesis postulates that the deposition of AP leads to senile plaques (SPs) and neurofibrillary
tangles (NFTs), finally causing death of the cell and leading to AD.>? It is known that the activation of the amyloidogenic
pathway remodels neuronal calcium signaling and subsequently alters normal calcium homeostasis, leading to Afp
production and/or alteration of its function.*> Exposure of cultured neurons to calcium ionophores increases AP
production, while physiological calcium transients increase o-secretase cleavage of the amyloid precursor protein
(APP), decreasing AP production.

AB is the result of proteolysis of APP by two proteases, B-secretases and y-secretase.”” Due to the inaccurate cutting
of y-secretase, AP peptides ranging from 49 to 38 can eventually be produced, of which AB40 has the highest yield, while
AP42 has a low yield due to its high hydrophobicity and easier oligomerization.”* Notably, mutation of APP in FAD is
mainly located near the secretase cleavage site to promote the A production pathway.'?

BACE is a B-secretase that removes the N-terminal propeptide before its cleavage activity. The cleavage of BACE is
mediated by furin protease, a calcium-dependent protease. Furin protease activity increases with the intracellular calcium
concentration, thereby increasing active BACE and affecting the production of AB.>> In addition, increased calcium
concentration can cause abnormal expression of downstream molecules and result in calcium signal disorder, and there is
an inseparable connection between calcium signal disorder and AB. The high concentration of calcium in neurons
activates calpain, which enhances p25/CdkS5 activity and phosphorylation and activation of the STAT3 (signal transducer
and activator of transcription) transcription factor. STAT3 in the nucleus can regulate the mRNA levels of BACEI and
PSI, and directly or indirectly increase the production of AP, further promoting calcium signal disorder.’® P25/cdk5
molecules are also involved in neuronal death caused by DNA damage and play a role in the pathogenesis of AD.>’
Previous studies have also shown that the cleavage of NCX3 is closely related to AP oligomers and is mediated by
calpain, which in turn connects calcium with AB.>® It is important to note that CaMKII is a substrate of calpain.*’
Experiments have found that the expression of CaMKIIa in neurons in the hippocampal CA1 region of AD increases. In
brain slices of AD patients, CaMKIla is deposited in SPs composed of AP, while no AP observed in the very small
CaMKIIa deposition plaques only.>

Increased intracellular calcium concentration also activates AMPK in a CAMKKII-dependent manner. According to a
previous study, the CAMKKII-AMPK kinase pathway is a critical mediator of the synaptotoxic effects of AB42
oligomers.*°

Despite this evidence, not all increases in calcium concentration lead to an increase in AP production. Mutation of the
CALHMI1 gene causes the loss of CALHMI protein function, and reduces the permeability of the cell membrane to
calcium and the intracellular calcium concentration, which in turn promotes the production and aggregation of A.®'%
The mechanism underlying this effect is not yet clear, but some scholars believe that it may involve a calcium-dependent
effect on o-secretase.® It has been speculated that the activation of CALHMI can accelerate IDE secretion, promote the
clearance of AP, and reduce extracellular AB levels.”> However, some studies have found no association between
CALHMI and AD, which is a research avenue that requires further exploration.®®

S100B is a proinflammatory protein associated with SPs, which are chronically upregulated in AD. Research indicates
that the combination of calcium and S100B is beneficial for S100B to lock AB42 aggregation.®’

Calcium Homeostasis Disorder and Tau Protein Levels

In the early stages of AD, synaptic changes induced by AP are the main pathogenic mechanisms. However, in the later
stages of AD, abnormal aggregation of tau protein promotes degeneration and loss of synapses, which are the decisive
factors leading to the occurrence of dementia.®® Experiments have found that the overactivation of glutamate receptors
causes calcium-mediated changes in tau and microtubules, similar to those seen in NFTs.” Numerous studies have proven
that calcium dysregulation plays a key role in the early stage of tau pathology and impaired physiology, and that reducing
calcium leaks can normalize cognitive performance.® There is a balance between phosphorylation and dephosphorylation
of tau protein under normal circumstances. However, this balance is disrupted when the intracellular calcium
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concentration is too high to cause hyperphosphorylation of tau protein; this can reduce the aggregation ability of
microtubules and depolymerize normal microtubules, thereby affecting axon transport and the transmission of cellular
information.®”

Moreover, although the expression of tau protein is not directly related to depolarization of the cell membrane, an
increase in tau phosphorylation can be observed after the depolarization of the cell membrane for 30 min, which supports
the conjecture that changes in calcium concentration affect tau phosphorylation.”

The phosphorylation and dephosphorylation of tau are catalyzed by kinases and phosphatases,’' respectively, which
are mostly calcium-dependent proteases.”” It has been found that an increase in intracellular calcium homeostasis
activates calcineurin (CaN) and promotes neuroinflammatory atrophy.”® In addition to causing memory loss, abnormal
activation of CaN can also affect the double helix structure of the tau protein. Hyperphosphorylated tau protein
(especially Ser262 located in its microtubule binding region) combines to form paired helical filaments (PHF), and
then forms NTFs, in which calcium plays a role by regulating calcium-binding proteins (CaBP) and calcium-dependent
protein kinase (CDPK).”* Mass spectrometry has revealed that CaMKII phosphorylates tau at multiple sites.”> Additional
studies have noted that the expression of CaMKIIa is regulated by CYFIP2, the expression of which is reduced in AD.”®

Calpain, whose inhibitors can block the process of tau fragmentation induced by A, is also specifically dependent on
calcium activation.”” Calpain affects the activities of glycogen synthase kinase 3 (GSK3) and protein phosphatase 2A
(PP2A), resulting in abnormal hyperphosphorylation of tau, which occurs at multiple sites, mediates the truncation of tau
protein monomers, and induces neurodegeneration.”® Research has shown that the activity of PP2A in the brain of
patients with AD is significantly reduced at the gene and protein levels. The expression of PP2A is inhibited by calpain in
the process of reducing hyperphosphorylation of tau.”® Calpain has two subtypes, calpain 1 and calpain 2, both of which
have similar proteolytic effects on GSK3B. Calpainl enhances the activity of GSK3p on tau phosphorylation by
truncating the C-terminus of GSK3p, leading to hyperphosphorylation of tau and neurofibrillary degeneration in the
brain of patients with AD. Conversely, phosphorylation at different sites of GSK3[ can also affect calpain-mediated
cleavage.”® In addition, p25, produced by calpain cleavage, has been found to accumulate in the brains of patients with
AD, and it also activates CDK5, which leads to tau hyperphosphorylation.”” Furthermore, under conditions of calcium-
induced neuronal injury, calpain can also activate the Erkl, 2 signaling pathway, which may be involved in the tau
hyperphosphorylation process in the early stage of AD.”’

Calcium Homeostasis and Synaptic Plasticity

Cognitive impairment is the main clinical feature of AD. Although the pathological mechanism of cognitive impairment
is not fully understood, it has been confirmed that abnormal synaptic plasticity in the brain, especially in the hippo-
campus, is involved in cognitive impairment in patients with AD.* Synaptic plasticity includes two main forms of long-
term potentiation (LTP) and long-term depression (LTD), which are considered the basic mechanisms of learning,
memory, and amnesia in the brain, and as a functional indicators of synaptic plasticity.®' Recent evidence suggests
that calcium signaling regulates the energy production and neuronal metabolism necessary to sustain synaptic
transmission.”

Research has shown that the increased calcium concentration of ER in the neurons of patients with AD causes
compensatory changes in calcium signaling that break the balance between LTP and LTD synaptic mechanisms, and
synaptic function is weakened by the LTD mechanism, leading to memory loss.®* Abnormal handling of calcium in the
ER may weaken the mushroom-type postsynaptic spines associated with long-term memory. Several other studies have
demonstrated that elevated cytosolic calcium caused by excessive calcium release impedes the induction of LTP.>** Of
note, synaptic mitochondria can protect cells from damage caused by prolonged calcium stimulation because of its faster
absorption of the instantaneous increase in calcium in the presynaptic terminal than in the ER.**

Calcium activates calmodulin (CaM) through conformational changes to activate CaN, CaMKII, and CaMKIV. In
patients with AD, increased intracellular calcium activates CaN and participates in the induction of LTD; activation of
CaMKII functions to strengthen synapses and plays a role in the induction of LTP.'?

Studies have shown that the upregulation of glutamate receptors in patients with AD is accompanied by the
downregulation of NMDAR and AMPAR, which have been proven to be the basic molecular mechanisms that mediate
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learning, memory, and cognition by mediating calcium homeostasis.®> The activation of NMDAR can participate in the
induction of LTP, while the continuous activation of NMDAR can lead to the conversion of LTP to LTD, leading to
mitochondrial membrane depolarization, free radical production, and even cell death. Many previous studies have
suggested that extra-synaptic activation of NMDAR and intra-synaptic activation have completely different results;
that is, intra-synaptic activation is beneficial to cell survival, while extra-synaptic activation may lead to cell death.
Subsequent research has highlighted that separate extra- or intra-synaptic activation will not lead to cell death, but will
upregulate the survival-related signal transduction system. In addition, a study at the 17th National Conference of
Neurology demonstrated that the co-stimulation of the extra- and intra-synaptic activation led to cell death. Besides, AP
oligomers caused a rapid decrease in membrane expression of NMDARs, followed by abnormal dendritic spine
morphology and degeneration of spines.’

Furthermore, recent evidence suggests that AP can inhibit calcium signaling and synapse plasticity through t-type
calcium channels and the Nogo receptors (NgRs), which may lead to learning difficulties in the early stages of AD
progression.®®

AD Treatment Based on Calcium Homeostasis

Comprehensive treatment and effective care can delay the development of AD, but relevant drugs have not yet been
marketed. The most widely used clinical drugs include NMDAR antagonists and acetylcholinesterase inhibitors
(AChEIs),’® which can be used in combination to achieve better results.®” Although both can affect the cytoplasmic
calcium concentration, they cannot effectively reverse cognitive dysfunction. Moreover, approved cholinesterase inhibi-
tors include oral donepezil, percutaneous rivastigmine, and oral galantamine, which have good efficacy in the treatment
of mild to moderate AD. However, the effect obtained for patients with moderate to severe AD is very small, even if the
dose is increased, and it will cause a certain degree of gastrointestinal adverse reactions.®® In addition to the above two
types of therapeutic drugs, we propose some emerging treatment options, mainly immunotherapy and p-secretase
inhibitors. The immunotherapy target the formation of A plaques,®” some of which have recently been shown to
have no effect on disease progression.’ Several immunotherapies target tau protein, whose clinical trials are only at the
early stage, with few research reports on whether they can effectively improve clinical symptoms.”® The p-secretase
inhibitors, which is currently undergoing early trials, also aims to achieve curative effects by inhibiting the formation of
AB.°" At the same time, o-secretase inhibitors have failed clinically.’ Moreover, many defects in the previously reported
anti-Ap drugs for AD treatment are still in clinical trials.* Therefore, the development of novel drugs for the treatment of
AD is urgently required.

Based on the previous discussion, we know that calcium is inextricably linked to AD, and consequently, the
development of drugs for the treatment of AD based on calcium homeostasis is feasible. At present, calcium ion
antagonists are the main clinically developed AD therapeutic drugs based on calcium homeostasis, which can treat AD
by inhibiting calcium overload. The most commonly used clinical calcium ion antagonists are dihydropyridine drugs
such as nimodipine.”” Previous clinical trials have demonstrated that calcium ion antagonists have no positive effect in
reducing the rate of cognitive decline in patients with AD. However, changes in calcium homeostasis occur in the early
stages of AD, and the initial severity of the disease seems to affect the outcome.*> Several studies have shown that
calcium ion antagonists reduces the risk of dementia in patients with hypertension.® Curcumin is an intracellular calcium
inhibitor that attenuates glutamate-induced neurotoxicity. There has been experiments showed that curcumin protect
astrocytes from oxidative stress and white matter from hypoxia then inhibit apoptosis.”> Theracurmin, a very highly
absorbable curcumin formulation, was shown to improve memory and attention in non-demented people. It seems to be a
therapeutic option for elderly patients with AD via providing stabilization of the disease course by preventing progressive
loss in cognitive functions.”® Aduhelm, a new drug approved by the FDA for the treatment of AD on June 7, 2021,
removes amyloid plaques from the brain, also ameliorate calcium overload, which has been demonstrated by previous
experiments.”

It is well known that mitochondria are essential organelles that link calcium homeostasis with AD. Therefore, many
studies have attempted to improve AD by targeting mitochondrial calcium homeostasis. It is legitimate to propose
reducing mitochondrial calcium overload by blocking the MCU as a novel potential therapeutic target for AD because
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mitochondrial calcium overload involves toxic extracellular AB oligomers and requires the mitochondrial calcium
uniporter.*>® TG-2112x, a novel compound, can protect neurons by partially inhibiting mitochondrial calcium uptake.®
In addition, studies have shown that inhibiting mPTP can ameliorate cognitive deficiencies in AD transgenic mice.” More
importantly, rescue of the NCLX gene was shown to completely restore cognitive decline and cellular pathology in AD
mice.® According to another recent study, urolithin A, which can maintain mitochondrial calcium and ROS homeostasis,
is expected to be an effective treatment to prevent AD.”’

In addition, restoring intracellular calcium homeostasis by regulating calcium-related receptors on the ER (especially
RyRs) is a current research focus. Recent studies have found that post-translational remodeling of neuronal RYR2
channels can cause calcium ion leakage, which activates calcium-dependent signaling pathways, which are altered in AD.
Oral Rycal S107 can repair calcium ion leakage and reduce neuropathological changes'® without side effects.® Previous
studies have shown that cannabinoid-based therapies can modulate RyRs, reverse AD-related pathological changes, and
mitigate cognitive deficits.’

Previous research has also demonstrated that VGCC is upregulated in AD, and that the inhibition of L-VGCC could
effectively improve memory loss and calcium disorders in patients with AD."" Furthermore, polycyclic maleimide-based
derivatives, which can bypass the cardiovascular side effects caused by peripheral L-channel blockade, synthesize dual
calcium channels and GSK-3p modulators to treat AD.”®

In summary, it is clear that calpain hyperactivation is a major player in tau hyperphosphorylation and AP deposition.
Thus, it is worth investigating ways to treat AD by downregulating or inhibiting targeted calpain. It has been found that
either calpain’s endogenous inhibitor, CAST, or synthetic inhibitors have achieved positive results in neurodegenerative
animal and cell models.”” Moreover, AD transgenic mice overexpressing S100B exhibit elevated Ap levels and are more
susceptible to neuronal dysfunction; however, when the concentration of S100B in AD transgenic mice decreases, so
does the concentration of AP, suggesting that targeting S100B can be used as a novel approach to ameliorate
neurodegeneration in AD.®” In addition to all of the above, the various pathways that link calcium homeostasis and
AD mentioned in Figure 1 deserve further investigation to determine more effective ways to prevent, diagnose, or
treat AD.

Finally, recent studies point to the role of exercise, dietary energy restriction, and cognitive stimulation, in delaying
the aging process and preventing AD, potentially by inducing the expression of neurotrophic factors.” Hence, AD

treatment should also focus on the above aspects.

Figure | Intracellular calcium homeostasis is associated with the pathological features of AD, including abnormal synaptic plasticity (LTP and LTD), hyperphosphorylation of
tau, AP deposition, and cell apoptosis, through multiple pathways. The word marked in red indicates new targets for therapy that have achieved positive results in
experiments.
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Conclusion

In recent years, clinical trials of drugs for the treatment of AD have failed without exception. Aduhelm, a new drug
approved by the FDA for the treatment of AD on June 7, 2021, removes amyloid plaques from the brain, is still
controversial, and its ability to slow cognitive decline has remained uncertain in trials to date. The absence of any specific
drug for the treatment of AD remains one of the most significant medical and social challenges. As detailed in the present
review, calcium homeostasis plays a role in AD, and its disorder occurs in the early stages of AD. Both AB and PS
mutations induce calcium deregulation through direct and indirect pathways. Importantly, calcium homeostasis disorders
ultimately lead to cellular pathology in AD, including apoptosis, Ap deposition, hyperphosphorylation of tau, and
abnormal synaptic plasticity. Some therapeutic drugs based on calcium homeostasis have indeed achieved positive
effects, such as reducing the risk of dementia in hypertensive patients. Curcumin, an intracellular calcium inhibitor, was
shown to improve memory and attention in non-demented people. Inhibition of mPTP and NCLX gene rescue,
cannabinoid-based therapies to modulate RyRs, the inhibition of L-VGCC, and downregulating or inhibiting targeted
calpain to maintain intracellular calcium homeostasis have all achieved positive results in experiments. Therefore, we
believe that is feasible. Moreover, it is legitimate to propose blocking the MCU and regulating IP3R to restore
intracellular calcium homeostasis as novel potential therapeutic targets for AD. Of note, the other above-mentioned
pathways linking calcium homeostasis and AD require further study. In summary, this review provides a comprehensive
discussion of the relationship between calcium homeostasis and the pathogenesis of AD to provide theoretical help for
the future exploration of AD and the development of novel therapeutic drugs.
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