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ROLE OF CALCIUM SIGNALING IN THE PATHOGENESIS  
OF NEURODEGENERATIVE DISEASES
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Abstract. Calcium (Ca²+) is a central intracellular second messenger regulating cellular 
homeostasis through tightly controlled signaling. Intracellular Ca²+ dynamics depend on 
coordinated interactions between the endoplasmic reticulum (ER), mitochondria, and plas-

+-
ATPase, which is a calcium pump located in the sarcoplasmic and endoplasmic reticulum 

Rs), ryanodine receptors 
(RyRs), transient receptor potential (TRP) channels, and store-operated calcium entry 

energetics, oxidative stress responses, autophagy, and apoptosis. Changes in calcium 
signaling play a key role as a risk factor in the pathogenesis of neurodegenerative dis-

-
cally implicated in their pathophysiology. Despite ongoing research, these diseases remain 
incurable, and current therapies provide only symptomatic relief. Restoration of calcium 
signaling homeostasis is proposed as a potential therapeutic target for the treatment of 
neurodegenerative disorders. Proper functioning of calcium signaling pathways is critical 
for neuronal function. It has been clearly demonstrated that dysregulation of calcium sig-
naling is a common feature of neurodegenerative diseases. Abnormal Ca²+ signaling leads 
to mitochondrial dysfunction and synaptic instability, and restoration of normal calcium ho-
meostasis is a potential strategy for treating these diseases. SOCE impairment is observed 
in Alzheimer’s disease (AD), Huntington‘s disease (HD), and Parkinson‘s disease (PD). 
This review summarizes mechanistic insights into calcium signaling alterations involved in 
neurodegeneration, focusing on ER calcium storage, SERCA function, SOCE regulation, 
and calcium-dependent signaling pathways. Emerging neuroprotective strategies targeting 
calcium homeostasis, including pharmacological agents and natural bioactive compounds, 
are discussed. Restoration of intracellular Ca²+ balance represents a promising therapeutic 
approach to reduce calcium-mediated cytotoxicity and slow neurodegenerative progression.
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INTRODUCTION

Role of calcium in cellular homeostasis

C
ells in the human body have the ability to rap-

-

-
-

grammed cell death, which depends on the internal 

which are organelles that produce energy through 
cellular respiration, play a central role in integrating 
cell death signals. They are involved in this process 

-
+

which are essential cellular mediators that regulate 

play a crucial role in interpreting these signals, de-
termining whether calcium ions will be perceived as 

-
+ -

tor under stress conditions that "tips the balance" or 
serves as an inevitable signal to trigger cell death. 
The study by Scorrano et al. demonstrated that the 

+

-

+ in the ER plays 

-
+ 

as an intracellular mediator, cells balance between 
survival and death.

+ -
-

ious cellular processes. Impaired calcium signaling 

+ levels in the ER and reduced calcium 

+ levels 
-

+ are observed, which are associ-
ated with neuronal cell death.

Calcium is a universal biological mediator that con-

death. It acts as a conventional second messenger, 
released inside cells through interactions between 

-
+ signaling is its dual 

+ 

its concentration and movement within cells are not 
+ concentration is controlled 

+ or decode its signals to target proteins. 

+ signaling regulates important activities, 
-

bility processes, and metabolic pathways involved in 
+ is es-

+ signaling and decoding by various 
+ -

+-
sensitive mechanisms in organelles. These devel-

+-sensitive proteins, 
providing new insights into intracellular calcium ho-

Calcium homeostasis and regulation
+, its concentration in the 

+ stored 
+ is transported into 

the ER by SERCA. It belongs to the P-type ATPase 

calcium concentration and is released in a controlled 

3
+

+ is captured by mitochondria, which 
+ release chan-

-
+

+ depletion in the ER through 

The connection between ER and mitochondria allows 
+ signals to regulate not only cellular metabolism 

+ ac-
cumulation and proapoptotic stimuli, which depends 

+ signal. This 
+ content in 

the ER, which is maintained by the balance between 
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+ release channels. Studies show that 
+ -

+ 
concentration in the ER, such as genetic deletion 

+

+ ATPases, 
-

+

Role of calcium in oxidative stress  
and apoptosis processes

+ -
totic and necrotic cell death. Changes in intracel-

calcium stores can regulate cell death in almost all 

membrane channels, whose activation is usually 
strictly regulated. The channels can be activated 

as calmodulin. It is becoming clear that the activity 

-
-

-

-
+

+ -
+/calmod-

-

induces apoptosis. It is suggested that impaired 
calcium signaling, including mitochondrial interac-
tions, plays a critical role in cell death in predia-

stress. The HT22 hippocampal cell model subject-

-

Calcium signaling and neurodegenerative 
diseases

+ -

processes, such as cell growth and development, 
cell survival, neuron development, and maintenance 

+ channels, as well as the 
+

+ levels, which provide the 

+ homeosta-
-

+ into the cell 

+ into 

in the endoplasmic reticulum. When calcium levels 
in the ER drop, a signaling pathway is activated that 

-

-

-
+ -

-

+ regulates opposing process-
es, such as autophagy, which supports cell surviv-
al, but also participates in programmed cell death 

involved in regulating intracellular calcium levels 

studied, but data on how they modulate opposing 
-

various pathological neurodegenerative diseases. 

-

by progressive memory loss, cognitive impairment, 
and behavioral changes. PD is a chronic, progres-

+

+ signal-
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-
-

 + in 
the endoplasmic reticulum and reduced calcium 

which are associated with synaptic loss.

 ++ lev-

associated with synaptic loss.

 
+ levels in the ER are observed, which are as-

sociated with neuronal cell death.

-

-

-

directly or indirectly impair the autophagy pathway, 
-

-
tection in PD models, and autophagy inducers – small 
molecules such as rapamycin, trehalose, and lysosom-

Calcium is an ambivalent signaling agent that carries 
-

citation-contraction, secretion, gene transcription, and 

dephosphorylation. However, it also transmits signals 
-

Communication between mitochondria and the en-

lipid metabolism, calcium signaling, autophagy, and 
mitochondrial dynamics. Disruptions in this commu-
nication are associated with neurodegeneration. The 
proteins involved in these interactions are important in 

are involved in mitochondrial calcium homeostasis 
and contacts between mitochondria and the ER. Dis-

ruptions in calcium regulation contribute to the pro-

disturbances in calcium homeostasis. Studies sug-
-

-

-

-
logical diseases, such as PD and AD, by modulating 

-

mitochondrial calcium channels, reducing neuroin-

-
tant role in synaptic plasticity, neurotransmitter release, 

-
none increases intracellular calcium levels and induces 

is normally degraded by autophagy, and rotenone dis-

phenomena. Changes that regulate these pathways 

models, possibly through modulating autophagy, which 
is associated with improved cell survival and reduced 

-
cium overload, and signaling molecules associated 
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-
tion, are central to disturbances in homeostasis and 

-

-
-

ativity. It plays a protective role by preserving synapses, 

-
-

placebo-controlled study was conducted involving 92 
patients with MS. Participants received either EGCG 

-
ence in disease progression was observed between the 
two groups, as measured by UMSARS motor scores. 
Although EGCG is generally well-tolerated, it causes 

-

Another study investigated the neuroprotective po-

-

-
-

in transgenic mice modeling cerebral amyloidosis. 
Combined treatment with EGCG and FA improves 

non-amyloidogenic pathways. This combination also 

-

+

in the central nervous system, regulated by various 
mechanisms, including organelle stores, membrane 

+-binding pro-
+ homeostasis are associ-

ated with neurodegenerative diseases, such as AD 
and PD. However, these disturbances are also im-
plicated in neuropsychiatric disorders with a strong 
neurological component, such as autism spectrum 

+ channels 
+-binding proteins, increasing evi-

+ stores, particu-
larly the endoplasmic reticulum, play a crucial role in 

+-processing regula-
+

+ -
tracellular cascades in nerve cells. Neurons have de-

+ + 
+ 

homeostasis relies heavily on the rapid redistribution 
+ ions to various subcellular organelles, includ-

+ 

+ released into the neuronal 

+

located on the ER membrane. Although SERCA2 is 

in brain physiology and pathophysiology is not well-
+ 

dysregulation has been implicated in several disorders 

-

+ homeostasis, which may lead to the de-
-

+

+

-
+ signaling. 

-
+ -

+ + ions into 
the ER lumen through ATP hydrolysis. It should be not-

+ dysregulation is associ-
ated with neuropathological conditions, such as bipolar 

-
-

Furthermore, SERCA plays a critical role in maintain-
+ +

-
+ homeostasis 



87Role of calcium signaling in the pathogenesis...

and ER stress, leading to chronic pathological condi-
-

-
sociated with ER stress. Natural dietary polyphenols, 
such as resveratrol, gingerol, ellagic acid, luteolin, 

+ -
+

polyphenols on SERCA pumps or related signaling 
-

+

-
-

During remyelination, CD44 levels remain elevated 

CD44 in white matter injury and recovery and support 

The endoplasmic reticulum, mitochondria, and lyso-
-

+

-
-

+

ER-based calcium signaling. Given the important role 

and adaptation, it is becoming increasingly clear that 
+

these processes. La Rovere and colleagues present 
+ signal-

basal mitochondrial bioenergetics and apoptosis, mi-
tochondrial process and autophagy, lysosomal pro-

Role of calcium in the mechanism  
of neuroprotection

-
nels in neurons and glial cells, with a special target: 

-

treated with immunomodulatory and immunosuppres-

+

including neuronal plasticity, learning, memory, and 
+ homeostasis is tightly controlled 

in both neurons and glial cells. These control points in-
+-

the plasma membrane, mitochondria, and endoplasmic 
+ signaling and 

+-
regulatory systems are compromised, leading to synap-

+

-

-
drial abnormalities include damage to the electron 
transport chain, changes in mitochondrial morphol-
ogy, mitochondrial DNA mutations, and impaired cal-

-

+ plays a role in activating anti-apoptotic signals in 
neurons when its levels are moderately elevated, but it 
also initiates apoptotic processes, mainly caused by its 

+ can come 

+ in these pro-
cesses, it is crucial to investigate all transport mecha-

-

and neuron death reversibly inhibits NMDA-induced in-
+ concentra-

+ levels 
when added during NMDA stimulation, but not during 

+ -
+

-

-
-

stantia nigra, and slows neurodegeneration and motor 

+ 

proteases, such as caspase-3. This study may contrib-
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-

-
-

+ -

-

been demonstrated in various cell and animal models. 

induced impaired membrane permeability in isolated 

-

opening during apoptosis by rasagiline and selegi-
-

+ 2

+

-
-

+

-
+

-

rasagiline and selegiline. Quantitative measurement 
+ -

+ 

-

CONCLUSION

-
-

-
-

in uncovering the possible mechanisms related to the 
+ on the central nervous system and its 

regulatory and transport mechanisms. It is important 

-

-
-
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