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Abstract

Calcium (Ca?) signalling is crucial for controlling physiological functions like insulin secretion, glucose balance, and met-
abolic signalling. Dysregulation of intracellular calcium dynamics is significantly implicated in the development of diabetes
mellitus, especially in pancreatic 3-cell dysfunction and insulin resistance. lon channels and transporters are essential
regulators of calcium inflow, efflux, and intracellular storage, therefore influencing calcium signalling dynamics. This study
examines the molecular processes of calcium signalling in diabetes, emphasising the function of essential ion channels
and transporters, including voltage-gated calcium channels, transient receptor potential (TRP) channels, store-operated
calcium entry (SOCE) pathways, and calcium ATPases. The role of mitochondrial calcium management and endoplasmic
reticulum stress in B-cell failure is also examined. Comprehending these pathways offers insights into prospective treat-

ment targets for diabetes control.
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Introduction

Calcium ions (Ca?*") are among the most flexible and ubig-
uitous intracellular messengers, influencing a vast array
of physiological activities including secretion, metabolism,
gene expression, and cell survival. In metabolic disorders
like Type 2 Diabetes, disruptions in calcium signalling have
become a primary mechanism responsible for both pancre-
atic B-cell impairment and peripheral insulin resistance. In
recent decades, there has been a growing focus on compre-
hending the role of ion channels and transporters in regulat-
ing calcium homeostasis and how their malfunction leads to
the development and advancement of diabetes mellitus [1].

Diabetes mellitus is a long-term metabolic disease that caus-
es high blood sugar levels that don't go down because of
problems with insulin secretion, insulin action, or both. The
International Diabetes Federation says that diabetes is be-
coming more common around the world at an alarming rate,
which is a big problem for healthcare systems everywhere.
Conventional research has concentrated on glucose metab-
olism and insulin signalling pathways; however, recent find-

ings suggest that calcium signalling is crucial in modulating
these processes at both cellular and molecular levels [2].

A large concentration gradient between the inside and out-
side of cells is what makes calcium signalling work. Cytosolic
calcium levels are tightly controlled at about 100 nM while the
cell is at rest, but extracellular levels are much greater. This
gradient makes it possible for intracellular calcium levels to
rise quickly and temporarily when certain ion channels are
opened. Calcium is a flexible signalling chemical because it
can create complex spatiotemporal patterns, such as oscil-
lations, waves, and localised microdomains. These patterns
allow for fine regulation of how cells respond to signals [3].
Calcium signalling is essential for glucose-stimulated insulin
secretion (GSIS) in pancreatic B-cells, a process that con-
nects hormone release to metabolic activity. When glucose
enters B-cells through glucose transporters, it goes through
glycolysis and the tricarboxylic acid cycle, which raises the
amounts of ATP inside the cells. This increase in ATP causes
ATP-sensitive potassium (K_ATP) channels to close, which
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makes the membrane depolarise. The depolarised mem-
brane then opens voltage-gated calcium channels (VGCCs),
which let calcium ions into the cell. The rise in calcium levels
inside the cell is what causes insulin-containing granules to
be released from the cell [4].

The way calcium signals work in B-cells is quite complicat-
ed and precise. Insulin secretion happens in two phases: a
quick first phase and a longer second phase. Calcium is im-
portant in both phases because it controls the fusion of insu-
lin granules with the plasma membrane and the movement
of reserve granules. Oscillatory calcium signals are crucial
for pulsatile insulin production, which is more successful in
preserving glucose homeostasis than continuous insulin re-
lease. A sign that B-cells aren't working right in diabetes is
that these oscillations stop.

lon channels are essential for controlling the flow of calci-
um into cells and for signalling inside cells. Voltage-gated
calcium channels are the main way that calcium gets into
cells when the membrane depolarises. L-type calcium chan-
nels are very important for insulin release and are found in
considerable amounts in pancreatic p-cells. Changes in the
expression or function of these channels can cause calcium
to flow in less, insulin to be released less, and eventually
hyperglycemia. Long-term exposure to high glucose levels
has been demonstrated to change how VGCCs work, which
makes [-cell dysfunction even worse [5].

Transient receptor potential (TRP) channels, together with
VGCCs, form a varied group of non-selective cation chan-
nels that facilitate calcium influx in response to different stim-
uli. Various TRP channel subtypes, such as TRPM2, TRPM5,
and TRPV1, have been associated with B-cell physiology and
the aetiology of diabetes. Oxidative stress activates TRPM2,
which has been linked to B-cell death in cases of persistent
hyperglycemia. TRPMS helps control how easily the mem-
brane can become excited and how much insulin is released.
TRPV1, on the other hand, is implicated in inflammation and
metabolic regulation. So, if TRP channel activity isn't work-
ing right, it might lead to oxidative stress, inflammation, and
problems with insulin secretion.

Store-operated calcium entry (SOCE) is another key way
for calcium to get into cells. It happens when calcium stores
in the endoplasmic reticulum (ER) run out. The connection
between stromal interaction molecule 1 (STIM1), a calcium
sensor in the ER membrane, and Orai1, a calcium channel
in the plasma membrane, is what causes SOCE. This route
helps keep calcium signalling going by letting calcium re-
serves inside cells be refilled. SOCE is very important for
keeping calcium levels stable and making sure that insulin is
released properly in pancreatic p-cells. Problems with SOCE
have been linked to problems with p-cell function and a high-
er risk of apoptosis [6].

lon channels let calcium in, but calcium transporters and
pumps keep the balance of calcium inside cells by controlling
how it is stored and removed. The sarco/endoplasmic retic-

ulum Ca*-ATPase (SERCA) is an important transporter that
moves calcium from the cytosol to the ER. This keeps calci-
um levels from getting too high in the cytoplasm and keeps
calcium stores full. In diabetes, diminished SERCA activity
results in the depletion of endoplasmic reticulum calcium
reserves, which induces endoplasmic reticulum stress and
activates the unfolded protein response (UPR). Persistent
endoplasmic reticulum (ER) stress leads to B-cell death and
decreased insulin production, underscoring the significance
of SERCA in sustaining cellular homeostasis [7].

The sodium-calcium exchanger (NCX) and the plasma mem-
brane Ca*-ATPase (PMCA) are also very important for get-
ting calcium out of the cell. PMCA uses ATP to aggressively
pump calcium out of the cytosol, while NCX makes it pos-
sible for calcium to move in both directions, depending on
the electrochemical gradient. These transporters are very
important for bringing calcium levels back to normal once
insulin is released and for keeping calcium levels stable. If
PMCA or NCX doesn't work right, it might cause too much
calcium to build up, oxidative stress, and damage to cells,
which can make diabetes worse.

Mitochondria have a big role in calcium signalling and con-
trolling metabolism. The mitochondrial calcium uniporter
(MCU) brings calcium into mitochondria, which then acti-
vates important enzymes in the tricarboxylic acid cycle to
make ATP. This pathway is necessary for linking insulin re-
lease in B-cells to metabolic activity. But too much calcium in
the mitochondria can cause reactive oxygen species (ROS)
to form, change the mitochondrial membrane potential, and
start pathways that lead to cell death. Mitochondrial malfunc-
tion is a characteristic of both B-cell failure and insulin re-
sistance, highlighting the dual function of calcium in cellular
physiology and pathology [8].

The endoplasmic reticulum is a large storage space for cal-
cium inside cells and is very important for folding and di-
gesting proteins. Disruption of ER calcium homeostasis is
a key characteristic of diabetes, especially in the context of
persistent hyperglycemia and lipotoxicity. Calcium deficiency
in the endoplasmic reticulum (ER) hinders protein folding,
resulting in the buildup of misfolded proteins and the acti-
vation of the unfolded protein response. The UPR starts out
as a way to safeguard cells, but if it stays on for too long, it
can cause cells to stop working and die. Calcium-dependent
signalling pathways are thus pivotal in the emergence of ER
stress and its detrimental effects in diabetes [9].

Calcium signalling is also important for the development
of insulin resistance in tissues outside of the pancreas. In
skeletal muscle, increased intracellular calcium concentra-
tions activate stress-related kinases, including protein kinase
C (PKC) and c-Jun N-terminal kinase (JNK), which disrupt
insulin signalling pathways. This causes less glucose to be
taken in and the body's metabolism to work less well. Calci-
um controls the release of adipokines and the breakdown of
fats in fat tissue. When this process goes wrong, it causes
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inflammation and insulin resistance. In the liver, changes in
calcium signalling also affect gluconeogenesis and glycogen
metabolism, which leads to more glucose being made and
high blood sugar levels [10].

Calcium signalling in diabetes is directly related to oxida-
tive damage and inflammation. Increased amounts of cal-
cium inside cells can lead to the creation of reactive oxygen
species, which can then throw off calcium homeostasis and
hurt parts of cells. Inflammatory cytokines make this process
worse by changing how calcium channels and transporters
work and how they are expressed. Calcium imbalance, oxi-
dative stress, and inflammation all make each other worse,
which makes the disease worse [11].

Because calcium signalling is so important in diabetes, tar-
geting ion channels and transporters could be a good way to
treat the disease. Pharmacological regulation of voltage-gat-
ed calcium channels has been demonstrated to affect insu-
lin secretion, whilst the blockage of particular TRP channels
may mitigate oxidative damage and inflammation. Increasing
the activity of SERCA could be a way to bring calcium levels
back to normal in the ER and relieve stress in the ER. Anti-
oxidants that lower the amount of ROS generated can also
assist calcium signalling work normally and protect cells from
harm. New treatments that focus on increasing mitochondrial
activity and calcium management may make metabolic re-
sults even better [12].

Recent progress in molecular biology and imaging tech-
nology has shed light on the intricacy of calcium signalling
networks. High-resolution imaging techniques now enable
the observation of calcium dynamics at the subcellular lev-
el, uncovering complex patterns of calcium signalling that
were previously unrecognised. These advancements have
created new opportunities for research and underscored the
necessity for a more cohesive comprehension of calcium
signalling in both health and disease [13].

Future research endeavours should concentrate on clarifying
the tissue-specific functions of calcium signalling pathways
and discovering innovative molecular targets for therapeutic
intervention. The advancement of selective modulators for
ion channels and transporters presents significant potential
for diabetic treatment. Also, new gene editing technologies
could make it possible to fix genetic problems in calcium-reg-
ulating proteins, which could lead to personalised treatment
[14].

Conclusion

Calcium signalling is a key player in controlling insulin re-
lease and keeping the body's metabolism stable. lon chan-
nels and transporters are very important for regulating calci-
um levels, and when they don't work right, they are a big part

of what causes diabetes. The combination of calcium signal-
ling, mitochondrial function, endoplasmic reticulum stress,
oxidative stress, and inflammation highlights the complexity
of this disease. To come up with new techniques to stop and
treat diabetes mellitus, we need to learn more about how
these pathways are linked.
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