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                     Abstract 
 Signalling of calcium ions is vital for the normal physiology and survival of cells. Membrane bound organelles like the 

mitochondria and many other cell-bound proteins and receptors play signifi cant roles in regulating intracellular calcium 

levels thus maintaining homeostasis of the external and internal cell environments. The regulation of cellular calcium levels 

is necessary because more or less readings result in detrimental consequences even as grave as cell death. In this review, 

we consider several families of calcium transporters, some that allow its entry into the cell and others that regulate its effl  ux 

from the cell when intracellular levels are abnormal. The TRPV1, TRPV2, TRPV4, TRPM7, calcitonin receptor, calcium 

sensitive receptor, G-Protein coupled receptors, mitochondrial calcium transporters, calcium uniporter channels, SERCA 

and PERCA are discussed in details. 
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      Introduction 

 Organisms through regulation of their own intrinsic dynam-

ics manifest a certain ability to put up with the consequences 

of a disruption arising from changes in their internal or 

external environments (Vergara et al.  2019 ). Physiological 

regulation may therefore be seen as the body’s ability to 

retain a stable internal environment amid changes in exter-

nal situations (Billman  2020 ). Diff erent ions and hormones 

acting as chemical messengers play a great role in eff ecting 

communication between diff erent cells, tissues and organs 

of the body. Within the body, many important cellular pro-

cesses are regulated by  Ca 2+  channels so that in any instance 

of an abnormality in the functioning of these ions, there 
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may be destructive eff ects on cells (Newton et al.  2016 ). 

Some roles within biological systems which are unique 

to  Ca 2+  are; the generation of electrical signals and mem-

brane potentials, signalling the central cell molecule and 

the more implicated role of initiating a multitude of cel-

lular processes (Sinenko et al.  2021 ). The concentration of 

calcium ions within a cell may diff er based on the location. 

For instance, calcium channels when at rest, promote the 

maintenance of a very low concentration (10(− 7) M) of 

calcium within the cell’s cytoplasm. This concentration is 

1000 times less than that on the outside of the cell. As earlier 

stated, grave and deleterious consequences including apop-

tosis can occur from dysfunctional regulation of calcium 

concentrations since calcium is responsible for regulating 

nearly all aspects of the cell’s function. To avoid such an 

occurrence, the concentration and signalling processes of 

calcium in the cell must be tightly regulated (Matuz-Mares 

et al.  2022 ). Channels through which calcium is transported 

between the intracellular and extracellular space are called 

calcium channels and as their name suggests, these channels 

are permeable to calcium ions and thus play essential roles 

in the normal physiology of all eukaryotic cells (Pistritto 

et al.  2016 ). These channels function primarily to regulate 

the levels of calcium within the cell and its compartments. 

Generally speaking, ion channels present as pore-forming 

integral membrane proteins consisting of diff erent blends 

of subunits. These subunits embedded in cell membranes 

connect with each other forming a channel in the membrane 

that allows specifi c ions to go through. The three major 

components of ion channels are; an ion-permeable pore to 

provide a pathway for ions, a selectivity fi lter to provide 

ion specifi city and a gate that controls ion fl ow (Öster et al. 

 2022 ). Calcium channels are of varying forms and diff er in 

both function and structure. In mammals, four major fami-

lies of these channels are known, namely: Two-pore chan-

nels (TPCs), inositol 1,4,5-trisphosphate receptors  (IP 3 Rs), 

transient receptor potential (Trp) channels and ryanodine 

receptors (RyRs) (Jin et al.  2020 ). RyRs and  IP 3 Rs channels 

release  Ca 2+  from endoplasmic reticulum (ER) following the 

production of cyclic ADP ribose (cADPR) or intracellular 

messengers  IP 3  and  Ca 2+   (IP 3 Rs), TPCs channels which are 

nicotinic acid adenine dinucleotide phosphate (NAADP)-

activated channels are in charge of releasing  Ca 2+   from 

acidic organelles like lysosomes while Trp channels like 

TrpM, TrpML and TrpP2 are responsible for the release 

of  Ca 2+  from intracellular stores (Ernst et al.  2013 ). The 

responsibility of maintaining the balance between infl ux of 

calcium into the cell and effl  ux of calcium out of the cell is 

that of calcium channels. Signalling molecules, membrane 

depolarization and the activity of physical forces (heat) on 

the membrane are some ways by which calcium channels can 

be stimulated (Beghi et al.  2022 ). It is the aim of this review 

to give an overview of some of these channels, stating their 

roles in calcium regulation and consequent regulation of 

physiology in diff erent parts of the body. 

   Methodology 

 The research papers used in this review paper were retrieved 

from prominent database sources like Academia.edu (  https:// 

www. acade mia. edu    ), PubMed (  https:// pubmed. ncbi. nlm. nih. 

gov/    ) and Web of science (  https:// access. clari vate. com    ). Free 

text keywords were such as “TRPV1 receptors”, “TRPV2 

calcium channels”, “G-protein coupled receptors”, “struc-

ture of TRPV4 Protein”, “calcium sensitive channel”, “Mito-

chondrial calcium ion transporter”, “functions of TRPM7 

in the nervous system”, “expression of TRPV2 in the nerv-

ous system” “calcium sensitive receptor function”, CaSR 

in the cardiovascular system” plasma membrane channels”, 

“expression of TRPV1 in the CNS”, “functions of NCLX 

Protein” and other related information from related journals. 

     The descriptions of various calcium channels 

   Plasma membrane calcium channels 

 Plasma membranes are critical points where calcium chan-

nels carry out their functions of regulating the infl ux into 

and effl  ux of calcium ions from the cell (Qu et al.  2022 ). 

Voltage-gated calcium channels which function to swiftly 

transport calcium into the cytoplasm are among the most 

important types of calcium channels (Senatore et al.  2016 ). 

They act in response to an alternation in voltage athwart the 

cell membrane usually propelled by an electrochemical gra-

dient. These channels are particularly critical for the initia-

tion of various processes within the cell; gene transcription 

and muscle contraction to mention but a few. Other calcium 

channels that regulate the effl  ux of calcium from the cell 

and thus bring about a low cytosolic level are; the sodium/

calcium ion exchanger (NCX) and the plasma membrane 

calcium ATPase (PMCA) pumps (Brini and Carafoli  2011 ). 

These calcium effl  ux channels are crucial to the cell in that 

before calcium can be used as a second messenger, a low 

cytosolic concentration must be attained. Moreover, the 

channels are also requisite for bringing calcium dependent 

cellular processes to termination points. Sensory cells and 

neurons are other examples of cell types that have distinctive 

varieties of calcium channels on their plasma membranes. 

Eventually, it can be said that the plasma membrane serve 

as an essential location for calcium channels both providing 

a source for calcium and a milieu for egesting it (Brini and 

Carafoli  2011 ). 

 The movement of  Ca 2+  along its concentration gradi-

ent athwart the plasma membrane and into cells is sup-

ported by some plasma membrane channels; Voltage-gated 
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 Ca 2 +  channels  (Ca v  family), store-operated Orai channels 

and transcient receptor channels. These are among the vari-

ous calcium channels that are implicated in  Ca 2 +  infl ux. 

Usually, these channels are activated only upon depolariza-

tion of the plasma membrane and are required for refi lling of 

intracellular  Ca 2+  stores after the release of  Ca 2+ . They are 

also crucial components in a multitude of signalling path-

ways (Dixon and Trimmer  2023 ). 

   The PMCA pump 

 The pump was discovered by Schatzmann as an ATP-driven 

system that excluded calcium from erythrocytes. Initially, 

most of the work concentrated on erythrocytes, but then 

spread gradually to other cells, including those of excit-

able tissues, where a larger calcium extrusion system, the 

sodium/calcium exchanger, predominates quantitatively. 

The pump was secluded and purifi ed using a calmodulin 

column (Brini and Carafoli  2011 ). The pump operates with 

high calcium ion affi  nity and low transport capacity with a 

1:1 calcium ion/ ATP stoichiometry. It functions as a cal-

cium ion/hydrogen exchanger, but the matter of calcium ion/

hydrogen ion stiochiometry is still controversial. Recently, 

the activity of the pump in native membranes has been found 

to be insensitive to the variations of the membrane potential, 

showing an electroneutral hydrogen ion and calcium ions 

reaction (Brini and Carafoli  2011 ). Under optimal condi-

tions the calcium ions affi  nity of the PMCA pump is lower 

than that of the SPCA pumps, although high enough to ena-

ble it to operate with reasonable effi  ciency even under the 

calcium concentration conditions prevailing in most cyto-

plasms at rest. More recently, however, synthetic peptides 

of the caloxin family peptides of which several have been 

tested, bind to the extracellular domains of the pump and 

could thus in principle be used to repress the PMCA pump 

in intact cell systems. They have also been asserted to have 

isoform-specifi c inhibitory properties (Boutin et al.  2022 ). 

Following its cloning, the PMCA pump showed the same 

essential membrane organization and topology properties 

of the SERCA Pump, which had already been realised at 

the time of the cloning. The catalytic phosphorylation site 

as expected is conserved as are other important consensus 

domains, but prominent sequence/domain diff erent with 

respect to the other two calcium ions pumps also exist for 

instance, in the fi rst cytosolic loop that contains an acidic 

phopholipid binding domain and especially in the long cyto-

solic COOH-terminal tail, which is absent in the SERCA 

and SPCA pumps (Boutin et al.  2022 ). Comparing it with 

the sequence of the SERCA pump also reveals important 

diff erence in the amino acids that contribute to the formation 

of the calcium ion binding sites. As already mentioned, one 

essential acidic residue that contributes coordinating oxygen 

to site 1 of the SERCA pump is missing in transmembrane 

domain 5 of the PMCA pump which thus does not have site 

1. As in the case for site 2 of the SERCA pump, the resi-

dues that coordinate calcium ions in the single PMCA site 

are part of the transmembraned domains 4 and 6 (Marisa 

Brini and Carafoli  2009 ). Intriguingly, the insertion of the 

missing acidic residue in transmembrane 5 of the PMCA 

pump by a mutagenesis approach raised its calcium ions/ 

ATP stoichiometry to 2, suggesting the formation of a sec-

ond calcium ion binding site which matches to site 1 of the 

SERCA pump (R). The domains, the major among them 

being the calmodulin binding domain, has the canonical 

amphipathic helix secondary structure of calmodulin bind-

ing domains (Marisa Brini and Carafoli  2009 ). Calcium ions 

binding motifs recognized upstream and downstream of the 

calmodulin binding domain could exhibit regulatory roles on 

the pump’s activity. Other mechanisms by which the pump 

is activated are the protein kinase A and protein kinase C, a 

polymerization process implicating the calmodulin binding 

sequence in the COOH-terminal tail of the pump, and the 

cleavage by calpain. The cleavage by calpain happens imme-

diately upstream of the COOH-terminal calmodulin binding 

domain and irreversibly activates the pump, making it insen-

sitive to calmodulin (Yang and Tsai  2022 ). This irrevocable 

mechanism of activation could become important in situa-

tions of pathological calcium ions overload that would need 

increased exporting ability of calcium ions (Bootman and 

Bultynck  2020 ). 

   The PMCA pump in cardiovascular disease     Hypertension is a 

major risk factor for cardiovascular disease, aff ects approxi-

mately 30% of the adult population globally (Adhikary et al. 

 2022 ). The genome-wide association studies of diastolic and 

systolic blood pressure has for the past 5 years reported the 

most important single nucleotide polymorphisms associated 

with these diseases to occur at multiple loci in and around 

ATP2B1, the gene which encodes PMCA1(Adhikary et al. 

 2022 ). This result is same amongst several ethnicities includ-

ing those of South Asian, East Asian and Europe; two stud-

ies carried out in African-American populations however 

demonstrated no relations between ATP2B1 and hyperten-

sion. Although the eff ects of ATP2B1 variants on diastolic 

and systolic blood pressure are small, just about 1 mmHg, 

Levy ( 1996 ) predicted the risk of developing hypertension 

to increase by 17 and 37% dependent on whether one or two 

respective alleles are aff ected. This result of a link between 

ATP2B1 and hypertension are not limited to adults because 

a certain investigation found that ATP2B1 single nucleotide 

polymorphism rs2681472 is linked with an increased risk of 

hypertension in Chinese children (Levy  1996 ), and the same 

single nucleotide polymorphism also predisposes Chinese 

women to early-onset preelampsia during pregnancy. Cardi-

ovascular diseases other than hypertension are also demon-

strated to be associated by genetic association and candidate 
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gene studies with ATP2B1. Some studies currently show 

that single nucleotide polymorphism in the ATP2B1 locus is 

capable of increasing the risk of coronary artery disease and 

myocardial infarction in Caucasian and Asian populations 

(Kim et al.  2024 ). Mutations also link with many cardiovas-

cular disease risk factors such as coronary artery calcifi ca-

tion and salt sensitivity in chronic kidney disease (R). These 

investigations collectively show the signifi cance of PMCA 

pumps in human health and its possible functions in cardio-

vascular disease, and collectively suggest that PMCA may 

have critical functions in calcium clearance and homeostasis 

in endothelial cells and vascular smooth muscle. 

      The TRPV1 channel 

 The Transient Receptor Potential Vanilloid 1 (TRPV1) chan-

nel is a polymodal (responds to heat and other chemicals) 

ion channel with functions widely linked to the genera-

tion of pain (Shuba  2021 ). TRPV1 channels are expressed 

largely on nociceptive aff erent fi bres within the entire body 

(Aleixandre-Carrera et al.  2021 ). TRPV1 channels have also 

been described as non-selective cation channels seeing that 

several agonists of exogenous and endogenous nature like; 

vanilloid capsaicin, low pH voltage, noxious heat and vari-

ous lipids (like  N -arachidonoyl-dopamine NADA, eicosa-

noids and anandamide) all activate this receptor (Ciardo 

and Ferrer-Montiel  2017 ). A functional TRPV 1 receptor 

will possibly exist as a heteromeric or homomeric complex 

composed of four subunits that organize to form functional 

cation-porous apertures. Upon the activation of TRPV1, 

many signalling pathways are either activated or inhibited 

(Corradi et al.  2019 ), for instance, when the cell is at a nega-

tive holding potential, this activation leads to an infl ux of 

sodium and calcium ions bringing about a depolarization 

of the cell (Rorsman and Ashcroft  2018 ). Normally, upon 

exposure to a noxious stimulus, TRPV1 channels found on 

the sensory nerve endings unlock and depolarize the mem-

brane thereby initiating action potentials that travel to the 

central nervous system (CNS), undertaking sensory neu-

rons’ aff erent functions (Shuba  2021 ). Electrophysiological 

recordings and binding assays agree to a great extent that 

for this channel to be completely activated, at the least, two 

capsaicin molecules must be bound to it (Liu et al.  2020 ). 

Although TRPV1 is mostly expressed in the sensory neu-

rons as a dictator of stimuli from pain and heat, it can also 

be seen without the sensory nervous system in areas like 

the adipocytes, skeletal muscle, immune cells and epithelial 

cells. This means that in addition to aff erent functions, the 

TRPV1 channels also have contributions to eff erent func-

tions of sensory neurons (Abdalla et al.  2022 ). This eff erent 

function is realized through the action of released mediators 

on adjacent cell types by the target tissue seeing that the 

peripheral terminals of some of the sensory neurons largely 

dispersed in the skin and internal organs of the body can 

upon been stimulated by capsaicin, release their transmitter 

content (e.g. neuropeptides) (Coles et al.  2017 ). TRPV1’s 

involvement in pathological and physiological processes in 

a number of tissues (like the urogenital, respiratory and car-

diovascular systems) is linked majorly to the ability of these 

capsaicin- sensitive nerve endings to release neuropepetides 

for their eff erent functions. In these extra sensory nervous 

system locations, TRPV1 channels are usually activated by a 

mixture of pro-infl ammatory molecules, endovanilloids and 

vanilloids to elicit carcinogenesis, muscle constriction and 

cell division (R). Figure  1  illustrates the TRPV1 channel.         

  Fig. 1       The TRPVI calcium 

channel  
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   The presence and functions of TRPV1 in the nervous system 

 TRPV1 in the CNS modulates both neuronal and glial activ-

ity, mediating a range of pathways from synaptic transmis-

sion and plasticity to glial reactivity (Meza et al.  2022 ). 

Although present in the entire CNS, the TRPV1 channel 

found at the sensory neurons of the dorsal root ganglion 

is the most robust of all. Documentations from investiga-

tions of TRPV1 expressions in the CNS that were carried out 

using a combination of immunocynochemistry, radioligand 

binding and knockout mice exist (Matsushita et al.  2018 ), 

the investigations show that TRPV1 is mainly localized in 

the hippocampus and cortex. Some of the studies state that 

the olfactory, dentate gyrus, hypothalamus, locus coeruleus, 

spinal cord and superior colliculus all have expressions of 

TRPV1 (Zahola et al.  2019 ). A report (that used a mouse 

model) however indicated that expressions of TRPV1 in the 

CNS are limited and contest to the reports of its widespread 

presence outside of the nociceptors in the sensory ganglia. 

The report claimed that the channel’s expression was con-

strained to the hippocampus, the posterior caudal hypo-

thalamus, the periaqeductal grey and the rostral midbrain 

(Koivisto et al.  2022 ). Despite this incongruence concerning 

how exactly TRPV1 is expressed in the CNS, its presence 

there at least indicates that the channel has broad functions 

that are not limited to sensory transmission (Bennett et al. 

 2019 ). Within the cell, TRPV1 is expressed in synapses and 

cell bodies but mostly on the post-synaptic dendritic spines 

of synaptic vesicles and neurons. In the neuritis and cell 

bodies of both neurons diff erentiated by retinoic acid induc-

tion and sensory neurons also, TRPV1 is highly expressed 

(Gomez et  al.  2020 ). The cells of retinal ganglion also 

express TRPV1 in discrete pockets in axons and in soma. 

Furthermore, the microglia and asrocytes have also been 

found to express the TRPV1 protein (Wang et al.  2022 ). 

TRPV1 is found to be up-regulated in both developing 

neuritis and cell bodies during the retinoic acid- prompted 

diff erentiation of neuroblastoma cells into neurons. Moreo-

ver, activating TRPV1 can also result in the retraction of 

growth cones as well as the creation of varicosities along 

neurites (Kalinovskii et al.  2022 ). Recent studies have sug-

gested that other than neurites and growth cones, TRPV1 

can also regulate synaptic transmission. TRPV1 is further 

found to colocalize with synaptic proteins at fi lopodia tips 

in diagnosis related groups (DRGs) cell lines resulting in 

vesicle fusion. This is suggestive that TRPV1 is a modula-

tor of neurotransmitter discharge (Andresen  2019 ). Solitary 

tract neurons also require TRPV1 for the release of asyn-

chronous glutamate. In addition to this, the release of dopa-

mine is also subject to TRPV1 activation. Upon activation 

by capsaicin in the ventral tegmental area, the release of the 

neurotransmitter dopamine is initiated (Zhong et al.  2021 ). 

TRPV1 activation by capsaicin in neuroblastoma cells gets 

intracellular calcium levels to be elevated resulting in the 

increase of norepinephrine from its vesicles. Activation of 

TRPV1 in the peripheral nervous system brings about an 

increase in calcium release that further leads to the release of 

calcitonin gene- related peptide and neuropeptides substance 

(Zhai et al.  2020 ). 

     The TRPV2 channel 

 The transient receptor potential vanilloid type 2 (TRPV2) 

also belongs to the TRPV family. It was identifi ed by two 

teams working independently and using diff erent proce-

dures (Ribeiro et al.  2022 ). TRPV2 comprises of a large 

N-terminal domain that contains about 390 amino acids. 

The location of the gene encoding TRPV2 is on chromo-

some 11, a location 10 Mb apart from TRPV1 (Santoni and 

Amantini  2019 ). TRPV2 is a non selective cation channel 

that is also permeable to calcium (Pottosin et al.  2015 ). It 

can like TRPV1 also be activated by heat (> 52 °C) but 

additionally, mechanical stress, cannabidiol, and other syn-

thetic ligands (probenecid, 2-aminoethoxydiphenyl borate 

(2-APB) also activate this channel. TRPV2 is ubiquitously 

expressed within the body and its expression level may be 

high in certain types of cells and tissues. It can be found 

in the intestinal and gastric neurons, lungs, eye, endoplas-

mic reticulum, spleen, brain and spinal cord, in red blood 

cells among other numerous cells (Haustrate et al.  2020 ). 

Unlike the TRPV1, TRPV2 is expressed within the central 

nervous system in diff erent areas like in the neurons of the 

forebrain, the supraoptic nucleus, arcuate nucleus, paraven-

tricular nucleus, nucleus ambiguous, hypoglossal nucleus 

and the nucleus of the solitary tract (Santoni and Amantini 

 2019 ). When these cells are stimulated by phosphtidylino-

sitol 3-kinase- activating ligands, mechanical stress or can-

nabidiol, osmoregulation and a regulation of the autonomic 

nervous and cardiovascular systems occur, stomach and 

intestinal muscles are relaxed and GI transit is promoted. 

In addition to been regulated by heat and diff erent ligands, 

other lines of evidence suggest that the TRPV2 channel can 

also be regulated by mechanical stress. (Froghi et al.  2021 ) 

reported that membrane stretch on the TRPV2 channel also 

causes its activation and consequent release of calcium ions. 

The results further showed that applied membrane stretch 

also brings about the movement of TRPV2 from the intra-

cellular pool to the plasma membrane. TRPV2 can therefore 

be viewed as a stretch- activatable calcium channel. 2-APB 

was also confi rmed to be an activator of the TRPV2 channel, 

although a consequent study demonstrated that this occurs 

not in human but mice species. The plant  Cannabis sativa  
fi nds application in herbal medicines used against pain, 

the plant is composed of many cannabinoids (cannabinol, 

cannabidiol, tetrahydrocannabivarin, e.t.c). However, it is 

unknown if cannabis induces the translocation of TRPV2 
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to the plasma membrane (Odieka et al.  2022 ). Probenecid 

is another activator of the TRPV2 channel and it is shown 

to do so directly. Inhibitors of TRPV2 may be recognized 

including tranilast, ruthenium red and etc. Figure  2  gives an 

illustration of the TRPV2 calcium transporter.         

   The role of TRPV2 in cancer cells 

 The TRPV2 channel fi nds expression as revealed by numer-

ous studies in some kinds of tumour cells such as bladder 

and prostate tumours. Its presence is also recorded in hepa-

tocellular carcinoma (Bernardini et al.  2019 ). In some cancer 

types, it is thought to be involved in migration, growth and 

cell death. A considerable expression of the channel is also 

seen in bladder cancer. When (Siveen et al.  2020 ) investi-

gated the expression of TRPV2 channel in bladder cancer 

cell lines and discovered that a larger amount of TRPV2 are 

expressed by poorly diff erentiated cell lines as compared to 

cell lines that were well diff erentiated. The team also dem-

onstrated that administering CBD which activates TRPV2 

brought about cell death but only in the cell lines with poor 

diff erentiation. They thus projected that TRPV2 is a possible 

therapeutic target. Additionally, the expression of TRPV2 is 

also observed in prostate cancer and especially in metastatic 

cancer patients. Lysophosphatidylinositol and lsophosphati-

dylcholine instigate the migration of TRPV2 to the plasma 

membrane. 

    The functions of TRPV2 in the immune system 

 In the immune system, TRPV2 is concerned with both 

adaptive and innate immune responses although the roles 

in innate immune response appear more prominent. In 

macrophages and monocytes too, an abundant expression 

of TRPV2 is observed (Wu et al.  2023 ). Upon activation 

by the chemotactic peptide fMet-Leu-Phe, sustained eleva-

tion of calcium ions are evoked and TRPV2 is translocated 

from the endoplasmic reticulum to the plasma membrane. 

In the phagocytosis of macrophages, TRPV2 is implicated 

in the signalling pathway triggered by Toll-like receptor 4 

(Entin-Meer and Keren  2020 ). In granulocytes, TRPV2 is 

also expressed and thought to be likely involved in regu-

lating the migration of granulocytes. In mast cells also, 

oligomerization and cell surface expression of TRPV2 is 

observed. For instance, the pro-infl ammatory degranulation 

of mast cells is a function of a TRPV2-Kinase A signal-

ling module couple. Adding to the innate immune response, 

TRPV2 is also concerned with adaptive immunity, in the 

T lymphocytes for example, TRPV2 are expressed both in 

 CD4 +  and  CD8 +  T cells. 

    The functions of TRPV2 in the nervous system 

 Been initially characterized as a channel that is activated 

by heat, its function in nociception was also investigated 

by numerous studies which discovered that mutant mice 

that lacked TRPV2 did not exhibit abnormalities in thermal 

sensing and hence, no information as to the role of TRPV2 

in thermal sensing (Mickle et al.  2016 ). However, its pres-

ence in trigeminal ganglia and DRG neurons makes rea-

sonable the thought that it functions in nociception. During 

the development of neurons of the brain and spinal cord 

also, expression of TRPV2 is observed (Salzer et al.  2019 ). 

In the paraventricular and supraoptic nucleus parts of the 

hypothalamus also, the expression of TRPV2 is considered 

critical for osmoregulation. TRPV2 also fi nds expression in 

the myenteric plexus which indicates that the channel is also 

expressed in aff erent neurons (Mecawi et al.  2022 ). Even 

though some details about the TRPV2 channel have been 

outlined, various uncertainties yet remain, for instance, the 

vesicles that carry TRPV2 and the medium for endocytosis 

and exocytosis all need identifi cation. 

     The TRPV4 channel 

 The TRPV4 is the last member of the TRPV family and it 

has close homology to TRPV1. It was initially related as an 

osmosensor that opened in reaction to hypotonic swelling 

of the cell (Saldías et al.  2021 ). The TRPV4 ion channel 

protein which was originally known as “vanilloid-receptor 

related osmotically activated channel” is encoded by the 

TRPV4 gene (Rosenbaum et al.  2020 ). This protein chan-

nel consists of 871 amino acids and is located mainly in the 

transmembrane region but with some part situated in the 

cytoplasm (the human TRPV4 gene is located on chromo-

some 12q23-q24). This non-selective cation channel is char-

acterized with a moderately high permeability for calcium 

ions. TRPV4 is extensively expressed in the immune, nerv-

ous, cardiovascular, urinary, and digestive and respiratory 

systems. It is also expressed as a plasma membrane channel 

in almost all ocular structures and in cilia and intracellular 

stores also, it performs some possible auxiliary functions 

(Zhang et al.  2023 ). Some earlier reports dictated that the   Fig. 2       The TRPV2 calcium transporter  
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TRPV4 channel could not solely be activated by heat but 

this was latter made void as osmotic stress was seen to be 

signifi cantly increased as did body temperature (Toft-Ber-

telsen et al.  2019 ). Mechanical force, physical and chemical 

( endocannabiboids, arachidonic acid, epoxyeicosatrienoic 

acid) stimuli, protein kinase C and the derivates of phor-

bol ester are others besides temperature that activates this 

channel and upon this activation, calcium based cations rush 

into the cyptoplam to sustain signal transmission, osmotic 

pressure stability and signal transmission. The permeabil-

ity of TRPV4 for calcium greatly becomes reduced when 

two amino acids D672 and D682 are neutralized. While this 

action reduces the permeability of calcium, it on the other 

hand, increases the passage of monovalent ions  (K + ,  Na + , 

 Li + ) (Kemény and Ducza  2022 ). In skin cells, activation of 

TRPV4 leads to the promotion of mechanical responses of 

endothelial cells and subcutaneous fi broblasts manifested 

as skeletal muscle relaxation and vasodilation. During the 

onset of neural and vascular development also, activating the 

TRPV4 channel of neurons and capillary endothelial cells 

further activates downstream phosphatidylinositol 3-kinase 

thus inducing the activation of α-integrin protein, which 

facilitates the remodelling and localization of the endothelial 

cells and neurons (Yu et al.  2019 ). When TPRV4 is activated 

in adipocytes, the synthesis of fatty acid is increased and 

fatty acid oxidation is attenuated to reduce heat production. 

Wound healing, cell proliferation, cell and tissue regulation, 

production and secretion of aqueous humour, lens contrac-

tility and accommodation, neural excitability, regulation of 

epithelial and endothelial barriers and cell death are some 

other likely functions carried out upon TRPV4 activation. 

The Prolonged exposure of TRPV4 to heat stress leads to 

a reduction in the expression of the channel. Figure  3  is an 

illustration of the TRPV4 transporter.         

   The presence and function of TRPV4 in the CNS 

 TRPV4 are widely distributed in CNS been found in 

the endothelial cells or in neurons. Numerous authors 

have shown that the activation of the TRPV4 channel by 

physiological temperature leads to a slim depolarization 

of the resting membrane potential in hippocampal neu-

rons (Marini et  al.  2023 ). Furthermore, disease states 

like hyperthermia can also enhance the activation of the 

TRPV4 channel and lead to brain edema (Nazıroğlu et al. 

 2020 ). Contrariwise however, activating TRPV4 after an 

ischemic stroke reduces the size of the brain infraction 

and further brings about stronger neurogenesis. Moreo-

ver, the modulation of the microglia cells by lipopoly-

saccharide (LPS) is seen to be repressed upon the activa-

tion of TRPV4. TRPV4 also works jointly with TRPV1 

in the feeding of related neuroendocrine cells mediated 

by glucocorticoid regulation (Xie et al.  2021 ). TRPV4 is 

also expressed in the astrocytes which are a heterogene-

ous group of glial cells. Astrocytes are known to perform 

functions of maintaining cerebral blood fl ow and control-

ling systemic circulation, modulating synaptic transmis-

sion and the release of neurotransmitter, enhancing brain 

development. These cells are thus vital for providing the 

functional and structural integrity of the CNS. The posi-

tion of astrocytes within the CNS is also such that they can 

easily make several contacts with brain capillaries from 

one end and neuronal synapses on the other end. In this 

way, the regulate communication between the vascular 

system and the neuronal cells while also sensing changes 

in the neuronal synaptic activity. Astrocytic TRPV4 par-

ticularly have been shown to be involved in cell volume 

control, neuronal excitability, regulation of brain blood 

fl ow and neurovascular coupling (Tureckova et al.  2023 ). 

  Fig. 3       The TRPV4 calcium transporter  
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    The function of TRPV4 in cell migration and motility 

 Reports from some studies have stated that the activation 

of TRPV4 reduces migration of neuroendocrine cells while 

mediating the migrations of both pulmonary artery smooth 

muscle and AA-induced migration of endothelial cells (Lee 

et al.  2017 ). 

     The TRPM7 channel 

 TRPM7 is an outwardly-rectifying divalent cation channel 

that is permeable to a number of metals, especially  Ca 2+  and 

 Mg 2+ . TRPM7 uniquely contains a protein kinase domain 

that is fused to the C-terminus of an ion channel. The chan-

nel belongs to the melastatin- related subfamily of transient 

receptor potentials. Given its widespread cell and tissue 

localization, it has also been suggested that TRPM7 provides 

a general means of cell entry for a variety of trace metals 

including  Zn 2+ ,  Ni 2+ ,  Ba 2+ ,  Co 2+ ,  Mn 2+ ,  Sr 2+ , and  Cd 2+ . 

According to recent studies, TRPM7 plays a vital role in 

homeostasis,  mg 2+  absorption and also carries out a variety 

of other functions in the mammalian cell. TRPM7 was found 

located in melanocytes and in increased levels, it was pre-

sent in metastatic melanoma cells (Cordier et al.  2021 ). In 

these cells, TRPM7 was seen to guard the melanocytes from 

death. Been able to detoxify the intermediates of melanin, it 

is thought that the ion channel will serve a signifi cant factor 

in the homeostasis of melanocytes (Yee et al.  2014 ). TRPM7 

according to other reports, is implicated both in pathologi-

cal and physiological processes, counting; organogenesis, 

embryonic development and organism survival TRPM7’s 

kinase domain is thought to be vital for cell growth and 

proliferation either through chromatin remodelling or eEF2-

kinase activation and likewise has TRPM7’s ion channel 

region been believed to important for cell survival through 

regulation of  Mg 2+  homeostasis in cells (Jiang et al.  2021 ). 

From non-neural cells also, a signifi cant function of TRPM7 

in membrane traffi  cking has been described, in this eff ect; 

TRPM7 is implicated in presynaptic vesicle recycling in 

both PNS neurons and neuroendocrine cells. It is reported 

also that TRPM7 may regulate the release of positively 

charged acetylcholine in PNS sympathetic neurons during 

vesicle fusion (Zhang et al.  2023 ). In Fig.  4 , we pictorially 

represent the TRPM7 transporter.         

   Functions of TRPM7 in the nervous system 

 TRPM7 exist ubiquitously in the nervous system where it 

regulates some animal behaviour like memory and learning 

in rat models (Held and Tóth  2021 ). Moreover, investiga-

tions carried out in neural cells indicated that TRPM7 plays 

a vital role in anoxic cell death (Sun et al.  2020 ). During 

  Fig. 4       The TRPM7 calcium transporter  
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the development of neuronal cell death which followed oxy-

gen and glucose depletion, a TRPM7-like  Ca 2+  current was 

observed. Additionally, a siRNA-induced knockdown of 

TRPM7 blocked  Ca 2+  uptake, manufacture of free radicals 

and apoptosis. Other investigations also indicated that fol-

lowing brain ischemia, the reduction in levels of  Mg 2+  and 

 Ca 2+ , observed were implicated by TRPM7. In the mem-

branes of synaptic vesicles in noradrenergic neurons also, 

TRPM7 was found localized. This resulted in the channel 

forming complexes with proteins of other synaptic vesi-

cles like synaptotagmin I and synapsin I. Furthermore, the 

release of acetylcholine and the fusion of small synaptic 

vesicles required TRPM7 ion channel activity (Jiang et al. 

 2021 ). 

     The calcium sensitive receptor (CaSR) 

 The  Ca 2+ -sensing receptor (CaSR) is a cell surface protein 

which belongs to the family of G-protein coupled otherwise 

known as seven transmembrane domain receptors (Hannan 

et al.  2019 ). CaSR was discovered in 1993 as the fi rst mem-

brane receptor that had ion sensing abilities (Sundararaman 

and van der Vorst  2021 ). As implied by its name, this recep-

tor senses fl uctuations in calcium levels (even to the smallest 

miniscule) in the extracellular matrix of cells, thus having 

principal impact on mineral homeostasis in human beings 

(Gorvin  2021 ). The human CASR gene is comprised of 8 

axons and is located on chromosome 3. CaSR is expressed 

in calcitropic tissues like kidneys and parathyroid glands. 

CaSR can be found in diff erent organs of the body and its 

function on those parts is determined by their location (Ten-

nakoon et al.  2016 ). Little wonder then that the secretion of 

parathyroid hormone, skeletal development, urinary  Ca 2+  

excretion and lactation are all essential roles regulated by 

CaSR. Other ions other than calcium (di- and tri-valent ions 

like  Ba 2+ ,  Sr 2+ ,  Mg 2+ ,  Mn 2+ ,  Ni 2+ ,  La 3+   Gd 3+  and  Al 3+ ) 

and other legends like polypeptides (polysine, polyarginine) 

calcilytrics, polyamines, calcimimetics and antibiotics also 

activate the CaSR receptor thus, CaSR undertakes even 

noncalcitropic roles; in vascular tone, wound healing, neu-

ronal development, insulin secretion, chemotaxis, hormonal 

secretion etcetera. Abnormal functioning of CaSR receptor 

results in asthma, neurological and cardiovascular diseases. 

In order that the structural integrity of the CaSR receptor 

in its inactive state be maintained, binding of serum phos-

phate to the receptor is considered a necessity (Vahe et al. 

 2017 ). The structure of the CaSR consists of three domains; 

a seven transmembrane domain, a large N-terminal extracel-

lular domain (ECD) and the intracellular C-terminal domain 

(Chen et al.  2021 ). The ECD being the biggest (sometimes 

called the Venus fl ytrap because of its size) domain, is vital 

for the binding of ligands. The intracellular domain on the 

other hand is made up of diff erent amino acids that assist 

with intracellular signalling and with positioning the recep-

tor on the cell surface (Geng et al.  2016 ). Once activated, the 

CaSR initiates intracellular signalling in diverse stages; in 

the initial stage, CaSR gets coupled to  G i/o  and  G q/11  groups 

of heterotrimeric G proteins and as a result, signalling path-

ways are activated (Predescu et al.  2019 ). Activating CaSR 

receptor also brings phospholipases to be activated which 

further activates diacylglcerol (DAG) and inositol triphos-

phate (IP3) pathways. In this stage, the activated inositol 

phosphate runs the control of intracellular levels of calcium 

particularly in the endoplasmic reticulum. In the second 

stage, activated DAG further activates c-Jun n-terminal 

kinase and mitogen-activated protein kinase pathways. This 

results in ample processes within the cell (R). CaSR is pic-

torially represented in Fig.  5  .          

   The presence and functions OF CaSR in the CNS 

 The distribution of the CaSR protein in the brain has been 

investigated and two transcripts located in the striatum and 

in the hypothalamus that highly expressed the protein were 

reported (Giudice et al.  2019 ). Some lesser expressions were 

seen in the pituitary. CaSR functions in neurons to sense 

levels of  Ca 2+ . Not only does it sense the calcium ions impli-

cated in growth and migration but also those involved in 

neurotransmission and synaptic plasticity (Arjun McKinney 

et al.  2022 ). CaSR may participate in the regulation of ionic 

microenvironment in the CNS and also in myelinogenesis 

regulation (see Fig.  6 ).         

    CaSR in the cardiovascular system 

 The CaSR is located on the membrane of vascular cells and 

is a key player in cardiovascular physiology. The constant 

activation and reactivation of CaSR with the changing lev-

els of  Ca 2+  owing to feedback mechanism aid in normal-

izing the contractility of the muscle cells. CaSR thus does 

not only regulate ion channels but also regulates membrane 

potentials. Activating the CaSR in vascular smooth muscle 

cells and specifi cally the aortic SMCs permits the entry of 

calcium into the cells through the receptor-operated channels 

(ROC). Experimental mice in which CaSR was lacking were 

seen to show several compromises in the functioning of the 

vasculature like blood pressure and vessel tone (Wenceslau 

et al.  2021 ). Impairments in the contractility of the vascula-

ture (mice were hypotensive) were also observed to be linked 

to CaSR (Schepelmann et al.  2016 ). CaSR also plays a role 

in the endothelial cells of the cardiovascular system. 

     Mitochondrial calcium ion transport 

 The mitochondria are one of the very vital cell organelles 

implicated in regulating the homeostasis of intracellular 
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calcium. In addendum to their roles of providing energy for 

the cell, mitochondria also plays a signifi cant role in man-

aging calcium within the cell. Mitochondria are ubiquitous 

and dynamic and decide both cell survival and cell death. 

Because of the ubiquitous nature of both calcium and mito-

chondria, the regulation of both is deeply intertwined, so 

that  ca 2+  regulates mitochondrial functions, and the mito-

chondria shapes  ca 2+  dynamics and again, deregulation of 

either  ca 2+  or mitochondrial signaling leads to abnormal cell 

function, cell damage or even cell death and a corresponding 

dysfunction in the muscle or cardiac system. Furthermore 

abnormalities in mitochondrial -ca 2+  homeostasis are con-

sidered to be responsible for some metabolic diseases like 

pulmonary hypertension, cancer and obesity. The mitochon-

drial calcium transporter is represented in Fig.  7          

   Voltage-dependent anion channels (VDACs) 

 Existing on the outer mitochondrial membrane (OMM) of 

excitable cells (fi broblasts, retinal amacrine cell, neurons 

  Fig. 5       The calcium sensing 

receptor  

  Fig. 6       ATPase pumps  
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and muscle cells) are responsible for transporting calcium 

into the mitochondria. They are the most copious proteins 

found on the outer mitochondrial membrane. VDACs in 

addition to calcium also transport other small ions and mol-

ecules. The activities of VDACs are regulated by calcium 

which also controls what ions and molecules enter in so 

that calcium levels as high as the micromolar range make 

for greater conductance and keep VDAC opened because 

VDACs are usually closed conformations under physiologi-

cal ionic conditions (Rostovtseva et al.  2021 ). VDACs are 

implicated in energy production and metabolism regulation 

and energy production. 

   The role of voltage dependent anion channels in cardiovas-
cular disease     The role of VDACs in the pathogenesis of 

cardiac abnormalities is far from been elucidated, however, 

mounting evidence suggests that VDACs might have critical 

roles in several settings. In the case of ischemia–reperfu-

sion, the upregulation of the expression and phosphoryla-

tion of VDACs have been demonstrated to increase damage 

of cardiomyocytes. Inhibition of these processes was mech-

anistically associated to the nutritional preconditioning of 

roles of resveratrol ( No Title , n.d.). Oxidative stress damage 

in H9c2 was demonstrated to augment the expression levels 

of VDACI and its oligomerization. Additionally, VDACs 

were reported to be implicated in the disadvantageous trans-

fer of calcium ions from the endoplasmic reticulum to the 

mitochondria (Shen et  al.  2022 ). During chronic cardiac 

abnormalities, changes in the expression and function of 

VDAC are less clear compared to the acute ischemia–reper-

fusion set up. Moreover, upregulated transcriptional levels 

of a diverse array of genes including VDAC were seen in 

the septal tissue of human patients with hypertrophic cardi-

omyopathy (Klapper-Goldstein et al.  2020 ). The prominent 

upregulaton of VDAC expressional levels in a rat model of 

cardiac hypertrophy induced by renal artery ligation was 

also reported by Klapper-Goldstein et al. ( 2020 ). The team 

discovered that the apoptotic cell death of the model could 

be partially inhibited by in in-vivo treatment by siRNA 

against VDAC. In the same investigation, the upregula-

tion of VDAC was not detected ten day post-myocardial 

infarction. Contrary to the fi ndings by Klapper-Goldstein 

et al. ( 2020 ), the expressional levels of VDAC were down-

regulated in a cellular model of cariomyocyte hypertrophy 

triggered by the alpha 1 adrenergic agonist phenylephrine. 

Furthermore, the anti-hypertrophic eff ects of activating per-

oxisome proliferator activated receptor α could prevent this 

down-regulated of VDAC. Therefore it is still unclear how 

the expression of VDAC is aff ected by common cardiac 

pathologies including ischemic cardiomyopathy and patho-

logical hypertrophy (Kar and Bandyopadhyay  2018 ). 

     The  Na + /Ca 2+/ LI. +  exchanger (NCLX) 

 The fi rst identifi cation and isolation of the role of NCLX 

was done in a  Ca 2+  loaded cardiac mitochondria (Boyman 

  Fig. 7       The mitochondrial cal-

cium transporter  
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et al.  2013 ). The lack of Na  +  was observed to restrict  Ca 2+  

effl  ux. But upon an addition of Na  + , there was a rapid effl  ux 

of  Ca 2+  from the mitochondrial. NCLX is thus the extrusion 

route for calcium ions from the cells. Li  +  was later found to 

be capable of replacing Na  +  in catalyzing the effl  ux of cal-

cium from the mitochondria (Rysted et al.  2021 ). The func-

tion of NCLX therefore is to exchange calcium contained 

in the mitochondrial for sodium or lithium in the external 

environment. The transporter transports 3Na  +  per 1Ca  2+  

meaning that more Na  +  get into the mitochondrial than  Ca 2+  

go out. A sustained balance is therefore critical between 

MUC and NCLX in order to maintain  mtCa 2+  homeostasis 

as imbalances in  mtCa 2+  homeostasis are causative of many 

diseases (Luongo et al.  2017 ). The activity of NCLX is about 

a 100 times slower than MUC thus, the rate-limiting fac-

tor in the homeostasis of  mitCa 2+  is the NCLX operation. 

Despite this, NCLX remains the main mitochondrial matrix 

Ca  2+  extrusion mediator (B. Kim et al.  2016 ). Investiga-

tions conducted on isolated cardiac mitochondria revealed 

that the regulation of NCLX is carried out by  Ca 2+  so that 

elevated Ca  2+  levels lead to partial inhibition of its activity. 

The decreased expression or complete loss of NCLX causes 

 mtCa 2+  overload which in turn, results in the depolarization 

of the mitochondria (Modesti et al.  2021 ). 

     The mitochondrial calcium uniporter (MUC) 

 This channel also transports calcium ions. The MUC is a 

40KDa highly selective  Ca 2+  channel uniporter through 

which mitochondrial takes up calcium ions in order to regu-

late its cystosolic calcium ion signalling, energy production, 

and cell death. This uniporter (Fig.  8 ) is situated in the IMM 

and (in mammals,) it is composed of four monomer subu-

nits: the pore-forming MCU, MICU1 and MICU2 which 

are the gatekeepers and a supplementary EMRE (Essential 

MCU regulator) subunit. Each of the pore forming units in 

MUC consists of a short loop containing a “DIME” motif 

that connects two helical membrane spanning domains. Fur-

thermore, an electron microscopy showed both the N- and 

the C- terminus of MCU to face the matrix of the cell of 

mitochondria overexpressing MICU1 and MICU2 regulate 

the activity of MCU, switching it on or off  to prevent an 

instance of the damaging calcium ion overload (Davis et al. 

 2023 ). In an instance the downregulation of MUC, uptake 

of mitochondrial calcium ions  (mitCa 2+ ) into living cells 

is greatly reduced. The concentration of calcium and the 

membrane potential of the inner mitochondrial membrane 

determine the fl ow of this channel. When the cell is at rest, 

the MUC stays inactive and only becomes active following a 

rise in local calcium ion levels (above 1 μM). This MICU1-

MICU2 mediated calcium dependent activation of MUC is 

of great importance as it hinders an excessive infl ux of cal-

cium ions that are capable of increasing the oxidative stress 

of the mitochondria and triggering apoptosis.         

    Calcitionin receptor (CTR) 

 The calcitonin (CT) is a 32 aminoacids polypeptide hor-

mone (having a molar mass of 3418 Da) that is primarily 

syntetized primarily by the thyroid although some evidences 

agree that there exist nonthyrodial sources of CT. Coop and 

his team fi rst discovered the hormone in their bid to fi nd 

hormones that modulate serum levels of calcium (Masi 

and Brandi  2007 ). CT by directly inhibiting mediated bone 

resorption and promoting the elimination of calcium from 

the kidneys, is able to decrease blood levels of calcium 

(Davey and Findlay  2013 ). Calcitonin receptors (CTRs) on 

the other hand are high affi  nity proteins that mediate the 

activities of calcitonin. Furthermore, CTRs like several other 

peptides, belong to the subfamily of the seven-transmem-

brane domain G-protein coupled receptor superfamily. The 

human CTR however, was cloned from the carcinoma cell 

line (BIN-67) of an ovary. CTRs have the ability to couple 

signal transduction pathways, one of the most imperative 

pathways is coupled with cAMP signal transduction. Some 

agents (dibutyryl cAMP (Bu) 2  cAMP, forskolin e.t.c) either 

up-regulate or down-regulate the expression of CTR which 

regulation is vital component in the physiological response 

to CT. CT by itself, down-regulates the expression of a num-

ber of tissues that are CTR positive. A good example of 

this CTR down-regulation by CT was demonstrated in T47D 

breast cancer cells (Varghese et al.  2018 ). The mechanism 

by which CT down-regulates CTR is however not very clear. 

While CT, forskolin and  Bu 2  cAMP down-regulates CTR, 

glucocorticoids up-regulate or in other words, increase the 

quantity of cell surface CTRs. The glucocorticoid: dexa-

methasone for example is seen to increase the expression 

of CTR in T47D, in the management of osteoclasts and in 

a number of other cells. These processes are however slow   Fig. 8       The calcium uniporter  



46 Proceedings of the Indian National Science Academy (2026) 92:34–51

and take a long time (three weeks) of exposing the agent to 

the cells (Lee et al.  2022 ). 

    G protein-coupled receptors (GPCRs) 

 More than 40% of drugs produced by the pharmaceuti-

cal industries today are created to target and modulate G 

protein-coupled receptor (GPCR) signalling (Hauser et al. 

 2017 ). This is because this group of receptors (diagram in 

Fig.  9 ) play vital roles in several biological functions. Their 

non-selectivity of actions in numerous tissues though poses 

a challenge to the production of these therapies. GPCRs are 

one of the most copious protein classes (approximately 800) 

in the genome of mammals, they comprise of structurally 

analogous proteins that share some distinguishing character-

istics placed into classes. GPCRs are activated by structur-

ally heterogenous agonists like nucleotides, peptides, lipids, 

natural odorants, ions, light, neurotransmitters and proteins 

(Weis and Kobilka  2018 ). Primarily, GPCRs are implicated 

in the transduction of extracellular stimuli into the interior 

of the cell permitting cells to both intercommunicate and to 

sense the extracellular environment (Thomsen et al.  2018 ). 

GPCR mediated calcium ion signalling transduction is still 

critical for the production of medications for diff erent com-

plex diseases like chronic heart failure, neurodegenration 

and respiratory disease (Dhyani et al.  2020 ). Upon the acti-

vation of GPCRs, cascades of events are triggered.         

    The SERCA pumps 

 The SERCA which was the fi rst ATP- driven calcium ion 

was discovered in a skeletal muscle fraction known at the 

time as the Marsh relaxing factor. The pump was soon 

acknowledged as the main system for the control of cyto-

plasmic calcium ions in muscle cells, where its ability to 

remove calcium ions from the cytosol induced relaxation. 

Early investigations demonstrated that the pump transported 

two calcium ions per ATP hydrolyzed and that it is coun-

terwise transported hydrogen ion in exchange for calcium 

channels. Nevertheless, fewer than four hydrogen ions were 

released to the cytosol per two calcium ion pumped, dem-

onstrating that the transport reaction was partly electrogenic 

(Das et al.  2017 ). Some inhibitors of the SERCA pump are 

orthovanadate, thapsigargin and cyclopiazonic acid. Dur-

ing excitation–contraction events related with muscle force 

generation, the ryanodine receptor channels releases calcium 

ions and this increases the cytosolic calcium ions to 1–2 μM 

for a few milliseconds. This high concentration of calcium 

ions enhances the interaction of troponin with calcium to 

initiate the sequence of events resulting in force produc-

tion (Xu and Van Remmen  2021 ). Prolonged levels of high 

cytosolic calcium ions however can be unfavourable to cel-

lular homeostasis, triggering calcium signalling pathway and 

resulting in the activation of proteases such as matrix met-

alloproteinases and calpains (Xu and Van Remmen  2021 ) 

which can degrade cellular components. Furthermore, cal-

cium ions can directly regulate contractile function in mus-

cles, particularly in the cardiac muscles where the release of 

intracellular calcium from the sarcoplasmic reticulum is acti-

vated by a small calcium infl ux which is termed; calcium-

induced calcium release. High dysregulated concentration of 

calcium can directly add to unpleasant cardiac remodelling 

and disruption of diastolic and systolic functions (Valentim 

et al.  2022 ). Thus dysfunctional SERCA pumps could add 

to high cytosolic calcium, restricting not only the function-

ing of the muscles, but also impairing cellular function and 

  Fig. 9       The G-protein coupled 

receptors  
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metabolism. Moreover, the activity of SERCA pumps is con-

trolled by a sequence of small molecular weight proteins 

present in muscle including myoregulin, phospholamban, 

dwarf open reading frame and sarcolipin (Xu and Van Rem-

men  2021 ). All these regulatory proteins are expressed dif-

ferently in muscle, phospholamban inhibits the activity of 

SERCA through reduction of the pump’s affi  nity to calcium 

ions hence reducing the activity of ATPase. While sarcolipin 

does not aff ect the functioning of ATPase, the maximum rate 

of calcium uptake is reduced indicating that sarcolipin has 

a calcium ion uncoupling function to SERCA (Xu and Van 

Remmen  2021 ). Intriguingly, sarcolipin also has important 

functions in regulating thermogenesis in muscles. Sarcolipin 

mediates the uncoupling function of SERCA and calcium 

ions, which lets SERCA to perform an ineff ective cycle of 

hydrolysis of ATP to ADP which produces heat without 

releasing calcium ions thus aiding temperature homeosta-

sis of the body, another vital function of muscle other than 

contraction (Wang et al.  2021 ). The function of myoregulin 

is still a novel area in research and currently investigations 

suggest that myoregulin exercises an inhibitory regulation on 

the activity of SERCA; really, the genetic ablation of myor-

egulin had ability to improve the function of SERCA as well 

as to enhance exercise performance (Xu and Van Remmen 

 2021 ). Contrariwise, dwarf open reading frame has diff er-

ent functioning from the others since it activates SERCA. 

In cardiac muscles, the genetic manipulation of replacing 

phospholamban with dwarf open reading frame leads to a 

dramatic increase in the activity of SERCA as well as the 

enhancement of muscle contractility (Fisher et al.  2021 ). 

   The function of SERCA in neurodegenerative disorders 
and muscle disease 

 Neurodegenerative diseases such as amyotrophic lateral scle-

rosis change neuromuscular transmission via the disruption 

of neuromuscular junction functions and structures and are 

also linked with a number of denervation phenotypes in 

skeletal muscles (Verma et al.  2022 ). The neuromuscular 

junction has been demonstrated to be a highly age-related 

structure with its morphology of the pre and post-synaptic 

regions changed and the number of neurotransmitter-con-

taining synaptic vesicles reduced (Verma et al.  2022 ). The 

impact of neuromuscular dysfunction on skeletal muscles 

has been reported and the activity of SERCA has been 

reported to be noticeably lessened in denervated muscles. 

This may be caused by the oxidative stress initiated by the 

generation of LOOH and mitochondrial dysfunction in 

response denervation (Motanova et al.  2024 ); nevertheless, 

the precise mechanisms underlying mechanisms are not yet 

completed understood. A recent study demonstrated that the 

overexpression of catalase targeted to skeletal muscle mito-

chondria in  S od1KO mouse muscle atrophy model resulted 

in decreased oxidative stress in muscle associated with full 

rescue of oxidative stress induced alternations in neuro-

muscular junction function and morphology, the activity of 

SERCA also returns to wildtype levels (Ahn et al.  2022 ). 

 Other than neurodegenerative disorders, muscular dystro-

phies are also a group of degenerative muscle disorders cat-

egorized by progressive muscle wasting and often untimely 

death. Usually, the primary defect to most muscular dys-

trophies implicate disruption of the dystrophin-glycopro-

tein complex which results in sarcolemma instability and 

an abnormal calcium ion infl ux including cellular necrosis 

(Shin et al.  2013 ). Duchenne muscular dystrophy is a severe 

form of muscular dystrophy that has been comprehensively 

studied using the dystrophic mdx mouse model. Based on 

the model, the activity of SERCA is reduced for more than 

20% in comparison to wild type muscle in both hindlimb 

and diaphragm muscles. The impaired function of SERCA 

contributes to the dysregulation of dystrophic muscles. 

Enhancing the activity of SERCA through overexpression 

of the SERCA suppresses the muscle degenerative pheno-

types (Qaisar et al.  2020 ). Put together, these investigations 

suggest the vital role of SERCA function under the diseased 

status of skeletal muscle. 

      Conclusion 

 The regulation of calcium ion transport and its participa-

tion in both physiological and pathological processes greatly 

lies on calcium channels and transporters. The authors of 

this review were concerned to report about various calcium 

channels and transporters (TRPVI, TRPV2, TRPV4, CaSR, 

MCU, G-Protein coupled receptors, mitochondrial calcium 

transporters, Calcitonin receptors, SERCA and PMCA) and 

their roles in regulating the infl ux and effl  ux of calcium ion 

across cells. Intrinsic calcium binding sites regulate several 

calcium channels hence serve functional or structural roles. 

Further study of these systems should birth new under-

standing of how these regulatory systems evolved; a better 

understanding of these channels may also sponsor signifi -

cant innovation in the fi eld of medicine. Moreover, enhanced 

knowledge of the molecular mechanisms behind calcium 

dependent control from these channels could also lead to 

novel strategies for anti-arrhythmia, myocardial infarction 

and other cardiovascular and human diseases. 
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