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Calcium is an essential intracellular messenger that plays a vital role in controlling a broad range of cellular
processes, including apoptosis. Cytosolic calcium levels are tightly regulated, and an imbalance in calcium

concentrations can trigger apoptosis through various mechanisms involving cytosolic proteins.

calcium apoptosis mitochondria

| 1. Introduction

Calcium, an essential second messenger in cells, controls numerous cellular functions, including cell death L. The
concentration of calcium varies in different cell compartments, with the cytoplasm maintaining relatively low levels
to ensure effective cellular signaling and prevent cytotoxic effects. This balance is achieved through various
mechanisms, such as calcium pumps, sodium—calcium exchangers, calcium-binding proteins, and the
mitochondrial calcium uniporter (MCU), that help regulate cytoplasmic calcium levels [&. Cancer cells are
characterized by modifications in calcium channel, pump, and binding protein function, leading to calcium
concentrations that surpass the usual limits seen in healthy cells. This calcium surplus fosters cell growth and
malignancy. Elevated intracellular calcium levels in many cancer types can be attributed to heightened activity or
irregular control of specific calcium channels and pumps. Examples include the overactivity of certain members of
the transient receptor potential (TRP) channel family, like TRPM3, TRPC1, TRPC6, TRPV4, and TRPV6, seen
across a variety of tumors . In addition, channels like TRPA1 are notably more active in cancers such as those of
the breast and lung Y. Regulated Cell Death (RCD), which includes apoptosis, autophagy, necrosis, etc., is vital for
maintaining homeostasis in living organisms, and calcium signaling plays a pivotal role in controlling it &l. Calcium’s
central role in apoptosis is particularly significant due to its influence on the key molecular events and signaling
pathways determining cell fate. Understanding calcium’s function in cell death can potentially uncover new

therapeutic targets for illnesses related to dysregulated cell death.

2. The Role of Calcium in Cytosolic Protein-Mediated
Apoptosis

Cytosolic calcium levels are tightly regulated, and an imbalance in calcium concentrations can trigger apoptosis
through various mechanisms involving cytosolic proteins. Here are some ways calcium contributes to cytosolic

protein-mediated apoptosis.
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2.1. Calcium/CAMK II/INK/Fas Pathway

The calcium-regulated CaMKII/JNK/Fas pathway is a critical signaling cascade involved in controlling apoptosis.
This process begins with elevated intracellular calcium levels, leading to the activation of CaMKIl, a
serine/threonine protein kinase. CaMKIl is activated when it binds to calmodulin, a calcium-binding protein, in the
presence of increased calcium concentrations 8. Once activated, CaMKIl phosphorylates a variety of substrates,
such as transcription factors, ion channels, and other kinases, thereby influencing their functions. A key
downstream target of CaMKIl is the JNK signaling pathway. CaMKIl activates the JNK pathway by stimulating
upstream kinases like MKK4/7 [8. Following activation, MKK4/7 phosphorylates and activates JNK, a stress-
activated protein kinase involved in several cellular processes, including apoptosis. Activated JNK phosphorylates
and activates multiple transcription factors, among them c-Jun, a component of the AP-1 complex. The AP-1
complex is essential for controlling the expression of various genes, including those associated with apoptosis.
Fas, an apoptosis-related gene regulated by JNK, is a cell surface receptor that is part of the TNF receptor
superfamily. When activated, Fas forms a death-inducing signaling complex (DISC) with FADD and procaspase-8,
leading to caspase-8 activation. The subsequent caspase cascade ultimately results in apoptosis. In normal cells,
calcium-induced activation of CAMK Il can trigger the activation of JNK, leading to apoptosis through different

downstream targets, including the Fas receptor.

However, in cancer cells, there can be disruptions in calcium signaling, resulting in abnormal CAMK I activation [,
Additionally, alterations in the expression and functionality of the Fas in cancer cells can impact its involvement in
apoptotic signaling €. These differences contribute to distinct apoptotic responses between normal cells and

cancer cells.

2.2. Calcium/Calcineurin/Bcl-2 Pathway

Calcineurin, sometimes referred to as protein phosphatase 2B (PP2B), is a serine/threonine protein phosphatase
that relies on calcium and calmodulin for activation B9 |t plays a critical role in various cellular processes,
including cell signaling, immune response, and the regulation of apoptosis. The activation of calcineurin occurs
when there is an increase in intracellular calcium levels, which causes calcium ions to bind to calmodulin. This
calcium/calmodulin complex then interacts with calcineurin, triggering a conformational change that activates its
phosphatase activity 1911, Once activated, calcineurin dephosphorylates a range of substrates, including
transcription factors and other proteins, modulating their functions. One of the targets of activated by calcineurin is
the protein BAD. Dephosphorylation of BAD by calcineurin causes it to detach from the 14-3-3 protein and relocate
to the outer mitochondrial membrane (OMM) (22, BAD then forms dimers with anti-apoptotic proteins Bcl-2 and Bcl-
xL, suppressing pro-survival signals. This process prompts BAX to translocate to the OMM, initiating the formation
of mPTP. The formation of mPTP accelerates the apoptotic cascade by releasing cytochrome c from the

mitochondria, ultimately leading to cell death execution by caspases 3, 6, and 7.

2.3. Calpain/Caspases Pathway
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Calpain, a family of calcium-dependent cysteine proteases, has important roles in various cellular processes, such
as signal transduction, cytoskeletal remodeling, cell differentiation, and apoptosis 13, These proteases are
activated when intracellular calcium levels increase, enabling them to cleave specific target proteins through their
proteolytic functions. Caspase-12 is an ER-associated caspase. During ER stress, calpain becomes activated by
elevated intracellular calcium levels and cleaves the inactive pro-caspase-12, releasing active caspase-12 from the
ER membrane 24l Active caspase-12 participates in the apoptotic signaling cascade by cleaving and activating
caspase-9, which subsequently activates executioner caspases such as caspase-3, caspase-6, and caspase-7.

These caspases then cleave various cellular substrates, leading to the characteristic features of apoptosis.

Calpains also cleave pro-apoptotic proteins like Bid. The cleaved Bid (tBid) translocates to the mitochondria, where
it interacts with Bax and Bak, resulting in mitochondrial outer membrane permeabilization (MOMP) 13, MOMP
allows cytochrome ¢ and other pro-apoptotic factors to be released into the cytosol. Furthermore, calpains can

cleave and inactivate anti-apoptotic proteins such as Bcl-2, shifting the balance in favor of apoptosis €.

2.4. PKCIPDKIERK Pathway

Protein kinase C (PKC) consists of a group of serine/threonine kinases activated by various signals, including
growth factors, hormones, and neurotransmitters 171, PKC is typically activated by binding to diacylglycerol (DAG),
a lipid-derived secondary messenger, and elevated intracellular calcium levels. A downstream target of PKC is
NADPH oxidase, an enzyme complex composed of multiple subunits that produce reactive oxygen species (ROS),
such as superoxide anion (O,7) and hydrogen peroxide (H,0O,). PKC activates NADPH oxidase by phosphorylating
its regulatory subunits, causing the enzyme complex to assemble and become active 18, When NADPH oxidase is
activated, it generates ROS, which are capable of damaging cellular components, including proteins, lipids, and
DNA. Normally, ROS production is carefully regulated, and ROS serve as signaling molecules that control various
cellular processes like cell proliferation, differentiation, and survival. In the context of apoptosis, ROS can induce
cell death through multiple mechanisms. For example, ROS can directly damage mitochondrial components,
leading to mitochondrial outer membrane permeabilization and the subsequent release of pro-apoptotic factors like
cytochrome c, which triggers the intrinsic apoptotic pathway. Additionally, ROS can activate stress kinases such as
JNK and p38 MAPK, which can phosphorylate and modulate the activity of pro- and anti-apoptotic proteins, tipping
the balance towards apoptosis. The signaling pathways involving calcium-regulated cytoplasmic proteins in

apoptosis are depicted in Figure 1.
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Figure 1. The regulation of apoptosis by calcium. Elevated calcium levels contribute to apoptosis activation by
modulating the activities of several proteins, including CAMK, calcineurin, calpain, and PKC. These proteins
participate in various signaling pathways and cellular processes, ultimately leading to cell death when calcium

concentrations become excessive.
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