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Abstract Cell death maintains cell morphology and
homeostasis during development by removing dam-
aged or obsolete cells. The concentration of metal
ions whithin cells is regulated by various intracellu-
lar transporters and repositories to maintain dynamic
balance. External or internal stimuli might increase
the concentration of metal ions, which results in
ions overloading. Abnormal accumulation of large
amounts of metal ions can lead to disruption of
various signaling in the cell, which in turn can pro-
duce toxic effects and lead to the occurrence of dif-
ferent types of cell deaths. In order to further study
the occurrence and development of metal ions over-
loading induced cell death, this paper reviewed the
regulation of Ca’*, Fe**, Cu?* and Zn** metal ions,
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and the internal mechanism of cell death induced
by overloading. Furthermore, we found that differ-
ent metal ions possess a synergistic and competitive
relationship in the regulation of cell death. And the
enhanced level of oxidative stress was present in all
the processes of cell death due to metal ions overload-
ing, which possibly due to the combination of factors.
Therefore, this review offers a theoretical foundation
for the investigation of the toxic effects of metal ions,
and presents innovative insights for targeted regula-
tion and therapeutic intervention.

Highlights

e Metal ions overloading disrupts homeostasis, which
in turn affects the regulation of cell death.

e Metal ions overloading can cause cell death via reac-
tive oxygen species (ROS).

o Different metal ions have synergistic and competi-
tive relationships for regulating cell death.

Keywords Ions overloading - Apoptosis -
Autophagy - Necrosis - Ferroptosis - Cuprotosis

Abbreviations

PTP Permeability transition pore

IP3R Inositol 1,4,5-triphosphate receptor
ER Endoplasmic reticulum

UPR Unfolded protein response
PCD Programmed cell death
TfR2 Transferrin receptor 2
HIV Hemojuvelin
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DMT1  Divalent metal transporter protein 1
NCOA4 Nuclear receptor coactivator 4

SFXN1  Sideroflexin 1

DFO Desferrioxamine

HO-1 Heme oxygenase 1

Nrf2 Nuclear factor erythroid 2-related factor 2
SOD Superoxide dismutase

GSH Glutathione

TCA Tricarboxylic acid cycle

PKC Protein kinase C

nNOS Neuronal-type nitric oxide synthase
LMP Lysosomal membrane permeabilization
LKB1 Liver kinase B1

MCU Mitochondrial Calcium Uniporter

PDI Protein disulfide isomerase

ERO1 Endoplasmic reticulum oxidoreductase 1

Introduction

Abnormality of Cell death is closely related to many
diseases. Cell death can be both programmed and
non-programmed. Programmed cell death(PCD) is
a complex and precise, genetically controlled cel-
lular process, and includes apoptosis, autophagy,
pyroptosis, necroptosis, ferroptosis and cuprotosis.
Diverse modes of cell death often involve various
of signaling cascades and molecular mechanisms
with unique morphological and biochemical fea-
tures. We have found that iron ions were involved in
radiation-induced cell death, especially ferroptosis
(Afroze et al. 2003; Ahn et al. 2014). Meanwhile,
several studies have found that calcium overloading
is strongly associated with apoptosis and ferroptosis
(Alhillawi et al. 2021; Arosio et al. 2009). It has also
been demonstrated that disruption of intracellular cal-
cium homeostasis gives rise to endoplasmic reticulum
stress and activation of the unfolded protein response
(UPR), which can result in apoptosis (Baev 2022).
The question was then raised whether the disruption
of homeostasis by metal ions overloading could affect
the regulation of cell death.

Common intracellular metal ions include calcium
(Ca®"), ferric (Fe**), ferrous (Fe?"), copper (Cu*),
zinc (Zn**), sodium (Na‘*), potassium (K¥), etc.
Under normal circumstances, the concentration of
metal ions is maintained dynamic balance under the
regulation of various transporter proteins and storage
libraries. But when subjected to radiation, tumors,
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or accidental injuries, which induce high intracellu-
lar concentration of metal ions and cause ionic over-
loading, a large number of metal ions abnormally
accumulates and binds to inappropriate receptor
sites, which will lead to signaling disorders and pro-
duce toxic effects (Bagur et al. 2017; Bai et al. 2022;
Balashova et al. 2020; B’Chir et al. 2014). In recent
years, increasing evidence suggested that Fe’™ and
Cu**overloading could cause a toxic stress response
ultimately leading to cell death (Berezhnov et al.
2008; Bernardi and Bernardi 2013).

This paper elucidated the roles and mechanisms of
Ca**, Fe**, Cu** and Zn** overloading in inducing
cell death, which might fulfil theoretical basis for the
study of the toxic effects of metal ions and provided
novel insights for targeted regulation and therapeutic
intervention.

Calcium overloading and cell death
Occurrence of calcium overloading

Intracellular calcium homeostasis plays a crucial role
in determining cellular function and survival. Mito-
chondria and endoplasmic reticulum, as the major
calcium storage systems in the cytoplasm, play key
roles in regulating intracellular Ca>* signaling and
maintaining intracellular calcium homeostasis. As
an critical second messenger, Ca®*plays a significant
role in regulating signaling pathways associated with
cell differentiation, growth and proliferation. The
occurrence and progression of numerous diseases are
intimately linked to calcium overloading (Blaby-Haas
et al. 2014). Calcium overloading is a significant
increase in intracellular Ca>* concentration caused by
a variety of triggers, resulting in structural or func-
tional impairments in the cell. The mechanisms of
generation include massive inward flow of extracel-
lular Ca2+, release from intracellular calcium stores,
including the endoplasmic reticulum, mitochondria,
and sarcoplasmic reticulum, as well as compromised
Ca’*recycling and outward migration (Boal et al.
2009). When exogenous stimuli or other deleterious
factors, such as membrane depolarization, disrup-
tion of mitochondrial structure and function, activa-
tion of calcium channels, activation of extracellular
signaling molecules or intracellular messengers, can
cause dysfunction of the calcium homeostasis system
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and disturbances in calcium distribution, leading to a
sustained increase in intracellular Ca’*concentration
and placing the cell in a state of calcium overloading
(Bonaventura et al. 2015; Bossy-Wetzel et al. 2004;
Bostanci et al. 2014).

Calcium overloading and apoptosis

When intracellular calcium overloading occurs, Ca>*
activates Ca’*-dependent phospholipases, which can
cause membrane phospholipolysis, and increased
intracytoplasmic Ca**can contribute to the overpro-
duction of ROS and cause membrane lipid peroxida-
tion, thereby resulting in the disruption of the struc-
ture and function of the cell membrane (Brady et al.
2014; Britton et al. 2016; Camaschella et al. 2020).
Meanwhile, free fatty acids, prostaglandins, leukot-
rienes, and lysophospholipids produced during the
decomposition process can have toxic effects on cells
(Cappetta et al. 2021; Cave et al. 2006). When calcium
overloading akes place within cells, mitochondria take
up Ca®*from the cytoplasm. This, in turn induces the
opening of the permeability transition pore (PTP) and
disrupts the mitochondrial membrane potential. The
PTP, a group of protein complexes located between
the inner and outer membranes of the mitochondrion,
is a nonspecific channel that plays a crucial position
in cell survival and apoptosis (Cen et al. 2018). When
the PTP opens, large amounts of Ca*" are released
from calcium pools in the mitochondria, inducing
apoptosis via caspase-dependent or caspase-independ-
ent pathways. This is accompanied by the release of
cytochrome C from mitochondria, the activation of
caspases, DNA fragmentation, nuclear fragmenta-
tion, and ultimately cell death. When intracellular cal-
cium is overloaded, Ca**can also bind to PTP, leading
to mitochondrial swelling and dysfunction, causing
apoptosis (Chen et al. 2014; Chen et al. 2020).
Apoptotic are strongly associated with apoptosis
regulators in addition to the disruption of mitochon-
drial membrane potential. The anti-apoptotic mem-
bers of the BCL-2 family play a pivotal role in apop-
tosis. BCL-x can interact with the calcium channel
IP3R on the ER to effectively limit Ca**transfer from
the endoplasmic reticulum to mitochondria (Chen
et al. 2020). The BCL2 family apoptosis regulator
BOK is capable of triggering apoptosis in the absence
of BAX and BAK. It has been demonstrated that
BOK binds to IP3R and provides protection against

protein hydrolysis. However, more evidence is req-
uisite to elucidate whether BOK modifies Ca®*efflux
from the ER via IP3R (Chen et al. 2021; Cheng et al.
2022; Chu 2024).

Studies have shown that calpain is a
Ca’"-dependent cysteine protease that mediates
the occurrence of apoptosis and programmed cell
death (PCD) when cells undergo calcium overload-
ing (Collins et al. 2010; Davaanyam et al. 2023; de
Oliveira Otto et al. 2011). Calcium overloading can
cause endoplasmic reticulum stress through cal-
cium-dependent proteases, which disrupt calcium
homeostasis in the endoplasmic reticulum, activate
its mediated apoptotic pathway, promote the release
of apoptotic proteins, and then trigger apoptosis (de
Romaiia et al. 2011; Dhaouadi et al. 2023; Dixon
et al. 2012). Ca*"also directly activates calpain, which
promotes the cleavage of fodrin, a component of the
cytoskeleton, thereby inducing cell death (Doguer
et al. 2018; Dong et al. 2023; Eckenrode et al. 2010).

Calcium overloading and autophagy

The disruption of the endoplasmic reticulum environ-
ment, the restriction of protein production, and the
imbalance of calcium homeostasis during periods
of stress cause increased aggregation of unfolded or
misfolded proteins, which is known as the endoplas-
mic reticulum stress response. Studies have shown
that ER stress can potentially trigger autophagy (Eom
et al. 2016; Fang 2017), and the endoplasmic reticu-
lum activates PERK, ATF6, and IRE1 upon stress.
elF2a-involved phosphorylation of PERK enhances
translation of downstream ATF4 mRNA, and acti-
vated PERK can also phosphorylate NRF2. ATF4
and NRF2 are translocated to the nucleus and activate
the transcription factor CHOP, subsequently induc-
ing a cascade of downstream genes associated with
autophagy, apoptosis, amino acid metabolism, and
others (Feng et al. 2022; Feng et al. 2022). Moreo-
ver, endoplasmic reticulum stress also induces the
opening of IP3R channels, releasing a large amount
of Ca’*into the cytoplasm, which activates kinases
involved in autophagy, such as CAMKK?2, DAPK,
etc. CAMKK?2 can activate the downstream AMPK,
which can inhibit the autophagy induced by mTOR,
while DAPK can stimulate the phosphorylation of
Beclin 1 to activate autophagy (Filetti et al. 2018;
Fonseca-Nunes et al. 2014; Forrester et al. 2018).
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Calcium overloading and cancer treatment

An imbalance in calcium homeostasis is directly linked
to the progression and transformation of many cancers,
etc. Therefore, more and more researches focus on
calcium overloading and cell death for tumor therapy,
including various nanomaterials, radiotherapy drugs,
and biotargeted therapies. Nano-ionic HAPNs have
demonstrated the ability to induce calcium overloading
in tumor cells by inhibiting the calcium pump PMCA
and activating tumor cell calpain. This ultimately leads
to specific apoptosis of cancer cells, thereby playing a
significant role in cancer therapy (Frey et al. 2014).
Nanomaterial CaO, can enter the cell can simul-
taneously generate ROS and rapidly release Ca’*
causing calcium channel imbalance induced calcium
overloading, oxidative stress leading to death. It is

Ca?+
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widely used in the treatment of liver cancer, breast
cancer, lung cancer and colorectal cancer (Fukuda
et al. 1998). However, due to the chemical proper-
ties of CaO, itself will cause certain side effects to
the organism, so the current CaO,-based treatment is
mainly nanocomposites. Nanoparticles made of CaO,
integrated with the antibody GPC3Ab are guided to
tumor cells by GPC3Ab, and CaO, releases Ca%>* and
H,O,to induce apoptosis of cancer cells, and this ther-
apy can be targeted for the treatment of hepatocellular
carcinoma (Fusakio et al. 2016). In addition to this,
calcium-based nanomaterials such as CaCO;, CaP,
CaH,, CaF,, etc. can exert a role in tumor localization
by induction of calcium overloading, mitochondrial
dysfunction, and oxidative stress in the application of
tumor therapy (Gaetke et al. 2014) (Fig.1).
Figure 1 is about here
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Fig. 1 Mechanism of Ca?* overload-induced cell death. Cytoplas-
mic calcium overload causes a burst of intracellular ROS, which,
on the one hand, acts directly on the cell membrane, causing mem-
brane lipid peroxidation, resulting in cell membrane rupture and
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causing death, and on the other hand, stimulates the activation of
mitochondria and endoplasmic reticulum to activate downstream
factors that regulate cell death to induce various kinds of death
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Iron overloading and cell death
Occurrence of iron overloading

Iron is essential for cellular survival and is a basic
component of hemoglobin, myoglobin and iron-sul-
fur proteins, which are mainly responsible for cellu-
lar respiration, oxygen transport, DNA synthesis and
other key functions in biology, with complex storage
and transport mechanisms. The liver is the main site
of secretion of iron-regulated proteins, which mainly
expresses hepcidin, TfR 2, and hemojuvelin(HJV)
and other proteins. Hepcidin plays a crucial role in
maintaining the balance of iron metabolism by reg-
ulating the absorption of intracellular iron through
binding to ferroportin(FPN) on the cell membrane. It
further controls serum iron concentration to prevent
the formation of iron overloading (Gao et al. 2021;
Genoud et al. 2017).

Iron metabolism homeostasis is regulated by sev-
eral factors (Guha et al. 2010). Under physiological
conditions, the metabolism of iron is influenced by
the absorption of dietary iron. Within the diet, non-
heme iron is absorbed and utilized by duodenal epi-
thelial cells via the conversion of Fe** to Fe** through
the ferric reductase STEAP3. Fe?* can be transferred
to the cytoplasm by means of divalent metal trans-
porter protein 1 (DMT1), and Fe?* aggregation leads
to the destabilization of iron pools in the cytoplasm
and mitochondria. Since Fe** is a highly redox-active
iron, it can induce redox reactions. Poly(rC)-binding
proteins (PCBPs) in the cytoplasm can transport Fe**
in combination with Fe**, storing Fe’*as Ferritin
(Guo et al. 2022; Guo et al. 2022; Guo et al. 2022).

The expression of ferritin is intricately regulated
by levels of iron and the presence of oxidative dam-
age (Guo et al. 2023). When endogenous iron-regu-
lating proteins are deficient or exogenous iron intake
is excessive, iron metabolic homeostasis is disrupted
and iron overloading occurs. Subsequently, large
amounts of ROS and cytotoxicity are generated, even
triggering the cells to undergo ferroptosis leading to
dysfunction.

Iron overloading and ferroptosis
Excessive intracellular Fe’*induces ferroptosis by

generating substantial amounts of ROS through
Fenton reactions on various intracellular lipid

membranes. It has been found that nuclear recep-
tor coactivator 4 (NCOA4) is capable of interacting
with ferritin and facilitating its autophagic degrada-
tion, followed by the release of a considerable amount
of free Fe. This free Fe can activate sideroflexin 1
(SFXNT1) on the inner mitochondrial membrane to
translocate free iron to the mitochondria, thereby
inducing mitochondrial iron overloading, outbreak
of ROS and ferroptosis (Gupte and Mumper 2009).
It was demonstrated that HMGB1 mediates the up-
regulation of hepcidin, which subsequently governs
intracellular iron accumulation and induces ferropto-
sis (Han et al. 2022). It has been reported that the iron
chelator desferrioxamine (DFO) inhibited ferroptosis
(He et al. 2021), on the contrary, increasing intra-
cellular iron ions promoted ferroptosis through the
ferroptosis inducer erastin. Moreover, inhibition of
transferrin TFRC on the cell membrane, which con-
sequently restrains the entry of iron ions into the cell,
also inhibited erastin-induced ferroptosis (Horn 2021;
Hgyer-Hansen et al. 2007).

Heme oxygenase (HO-1) is an antioxidant enzyme
and one of the important sources of intracellular iron,
which mainly promotes the decomposition of heme
into ferrous and other products. HO-1 is upregulated
when oxidative stress and cellular injury occur, while
Nrf2 also promotes HO-1 promoter activity. Upregu-
lation of HO-1 can cause heme degradation, release
a large amount of free and unstable ferrous ions
Fe?", and cause intracellular iron overloading. These
Fe**can catalyze the Fenton reaction, causing to the
generation of a substantial quantity of lipid peroxides
and ROS. This process results in the oxidation of cell
membrane and organelles. Subsequently, the dam-
aged mitochondria release more heme and ROS, thus
initiating a vicious ferroptosis cycle (Hwang et al.
2008; Ishida et al. 2013).

Iron overloading and apoptosis, necroptosis

When the accumulation of iron ions exceeds the
amount excreted, it can have some deleterious effects
on tissues, including the skeleton. It has been proved
that iron overloading is a risk factor for the occurrence
of osteoporosis, and it has been found that excess iron
ions have toxic effects on bone cells, and that iron over-
loading increases oxidative stress, cell cycle block,
promotes apoptosis in bone cells, affects osteoclast
differentiation, and destroys bone cell morphology

@ Springer
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Fig. 2 Mechanism of Fe’* overload-induced cell death. Cytoplasmic iron overload activates ROS and initiates oxidative stress, caus-

ing cellular ferroptosis, apoptosis and autophagy

and function (James et al. 2017; Karim et al. 2022).
Furthermore, iron overloading has been demonstrated
to trigger the opening of the mitochondrial perme-
ability transition pore (mPTP), which mediates the
RIPK1/RIPK3/MLKL pathway and necroptosis induc-
tion (Kim and Koh 2002; Kimura et al. 2016). The
liver serves as an important iron storage site, and iron
overloading-induced oxidative stress, lipid peroxida-
tion, and DNA damage can cause a great deal of acute
and chronic damage to liver tissue. Numerous studies
have demonstrated that long-term iron overloading is
correlated with a variety of liver diseases, including
hepatitis, hepatic fibrosis, cirrhosis and tumor develop-
ment (Kohzadi et al. 2017; Lee et al. 2018; Leidgens
et al. 2013). In addition, the heart is one of the organs
where iron overloading injury is prevalent. In the situa-
tion where there are excessive unstable iron ions in car-
diomyocytes, transferrin is inhibited, thereby inducing
ROS production and cardiomyocyte apoptosis through
mitochondria-mediated activation of caspase-3-de-
pendent caspases (Li 2020).

@ Springer

Iron overloading and autophagy

Numerous studies have demonstrated that iron over-
loading inhibits cell proliferative vigor and induces
osteoblast apoptosis. Recent studies have demon-
strated that iron overloading induces apoptosis in
osteoblasts while activating autophagy to exert a cyto-
protective role (Li et al. 2020). It has also been dem-
onstrated that iron overloading induces the generation
of ROS, impairs the PI3K/AKT and Jak/Stat3 signal-
ing pathways, and activates p38 MAPK, thereby stim-
ulating autophagy in osteoblasts (Li 2024). In addi-
tion, iron overloading can impair the proliferation of
endometrial stromal cells while activating their pro-
tective PAP1/SIRT1 autophagy signaling (Lin et al.
2017). In addition to protective autophagy, iron over-
loading can activate LC3II/I up-regulation in cells,
inducing hepatocytes to generate a large number of
autophagic vesicles, undergo excessive autophagy
and apoptosis, and thus cause some liver injury (Lin
2019) (Fig. 2).
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Copper overloading and cell death
Occurrence of copper overloading

Cu is involved in the synthesis of various enzymes
for instance copper/zinc superoxide dismutase (Cu/
ZnSOD or SOD1), cytochrome ¢ oxidase, and mito-
gen-activated protein kinase MEK1 (Liu et al. 2020).
Copper is a vital catalytic cofactor, playing a critical
function in redox reactions and various biological
processes. These processes include the neutralization
of free radicals, angiogenesis, cell respiration, and
proliferation (Liu et al. 2021).

Under normal conditions, the maintenance of cop-
per homeostasis is dependent on the processes of
intestinal absorption, bile excretion, and intrahepatic
storage. Cu absorbed by the small intestine can be
transported to the liver by plasma proteins, albumin,
and transluthrins. The liver, as the primary catcher,
distributor, and excreta receiver of copper, is also the
core role in regulating copper homeostasis (Liu et al.
2022; Llambi et al. 2016). During cellular uptake of
copper, Cu”" is initially reduced to Cu* by reductase.
Subsequently, the Cu* enters the cytoplasm through
copper transport protein 1 (CTR1) on the cell mem-
brane. Thereafter, Cut*is bound and transported to
specific target proteins by glutathione (GSH) or cop-
per molecule chaperone proteins, CCS, COX17, and
ATOXI1, to fulfill their functions (Llanos and Mer-
cer 2002; Lopatniuk and Witkowski 2011; Ma et al.
2022). Excess intracellular cuprous ions (Cu't) are
usually chelated by metallothioneins (MT1 and MT2)
or stored in lysosomes as reservoirs to maintain cop-
per homeostasis and avoid disorders (Mao and Huang
2013; Marmolejo-Garza et al. 2023).

When copper homeostasis is disrupted, it may
induce the development of various diseases. Typi-
cal hereditary illnesses of impaired copper metabo-
lism include Wilson’s disease and Menkes syndrome.
Mutations in ATP7A, the gene encoding the trans-
membrane copper-transporting adenine nucleoside
triphosphate (ATP) enzyme, are the main causative
agent of Menkes syndrome. The pathogenesis of Wil-
son’s disease is due to ATP7B gene mutation leading
to copper transport dysfunction or abnormal protein
transport, resulting in abnormal accumulation of cop-
per in certain tissues (Marreiro 2017; McAlary et al.

2022). Moreover, copper imbalance has been impli-
cated in the mechanism of pathogenesis of Alzhei-
mer’s disease, Parkinson’s disease, and Huntington’s
disease (Miao et al. 2023; Mohr and Weiss 2019).

Copper overloading and cuprotosis

The most significant reason for the cytotoxicity
caused by copper lies in the potent pro-oxidation of
Cu™, which is implicated in ROS generation, trigger-
ing free radical-induced oxidative stress damage and
ultimately resulting in cell death. Moreover, ROS
destroy organic macromolecules, including proteins,
nucleic acids, and lipids, and can also regulate a vari-
ety of cellular signaling pathways, activate pro-tumor
signals, and promote tumor proliferation. In addition,
it has been found that copper death, when Cu®" is
over-accumulated in cells, intracellular Cu®* is con-
verted to the more oxidizing Cut by the reductase
FDX1. On the one hand, reduction generates Cu™,
which hinders the synthesis of Fe-S cluster proteins in
mitochondria. On the other hand, FDX1 also governs
intracellular protein thiooctanoylation, a conserved
post-translational modification of lysines. The excess
Cu?*in the cell binds to the lipoacylated protein
DLAT, which induces the ester acylated protein to
aggregate. At the same time, inhibition of Fe-S clus-
ter proteins synthesis induces proteotoxic stress and
cell death (Bernardi and Bernardi 2013).

Copper overloading and ferroptosis

Copper, as an essential ligand for Cu/Zn superoxide
dismutase, plays a vital position in the antioxidant
process. There is evidence that copper ions interact
with iron ions and can modulate the onset of iron
death. Copper has been shown to inhibit ferroptosis
and protect neuronal cells to ameliorate neurode-
generation. However, the role of copper metabolism
in regulating ferroptosis requires further support
from additional evidence. Excessive copper accu-
mulation disrupts mitochondrial respiration, target-
ing its antioxidant and iron death-inhibiting effects,
and thus copper chelators have applications in
tumor therapy (Muckenthaler et al. 2017; Muhamed
2014; Nemeth et al. 2004).
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Copper overloading and apoptosis, autophagy

It is known from existing studies that copper over-
loading can lead to toxic effects, including neuro-
toxicity, hematotoxicity, reproductive toxicity, and
hepatotoxicity, triggering oxidative stress, inflam-
matory responses, and DNA damage (Noh et al.
1999; Ogata et al. 2006). Some animal experiments
have verified that copper overloading augments the
expression of autophagy-related proteins includ-
ing Beclin 1, ATG12, ATGS, while concurrently
decreasing the expression of P62 in hepatocytes.
Meanwhile, copper overloading can also increase
the expression of ULKI1, activate the AMPK path-
way and initiate autophagy (Pals et al. 2003). In
studies of reproductive toxicity, copper overloading
induces oxidative stress damage in spermatogonia
and triggers autophagy while also activating apopto-
sis (Pantopoulos et al. 2012). It has also been found
that copper overloading activates the autophagic
response when ATP7B is defective, while protect-
ing hepatocytes from copper-induced apoptosis
(Park et al. 1999). In addition, copper overloading
can also cause the increase of necroptosis, and there
is a negative regulatory effect between autophagy
and necroptosis (Peacock 2010). More evidence is
needed to study the mechanism of copper overload-
ing regulating necroptosis.

Copper overloading and clinical diseases

When massive amounts of copper accumulate in the
liver, the intracellular copper transporter ATP7B
is primarily utilized to excrete excess copper ions
through the bile. When ATP7B is inactivated by
mutations and biliary excretion is impaired, patholog-
ical intracellular copper accumulation results. Accu-
mulation of copper in the liver results in liver dys-
function and cirrhosis, while accumulation of copper
ions in the brain leads to neurodegeneration, Wilson’s
disease (WD). When copper ions accumulate in lys-
osomes and exceed their loading capacity, they cause
the lysosomes to rupture, releasing acidic contents
into the cytoplasm, thereby causing cellular damage
and ultimately cell death (Pei et al. 2022; Polishchuk
et al. 2019).

Alternatively, elevated levels of intracellular cop-
per can activate crucial enzymes for oxidative phos-
phorylation within tumors. This activation promotes
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the production of ATP, thereby accelerating the rapid
proliferation of cancer cells and the progression of
associated tumors (Portbury 2017). Numerous studies
have shown that elevated copper levels within cells
are correlated with the emergence and advancement
of cancers, such as breast, lung, stomach, and bladder
cancers (Robinson et al. 2010; Roemhild et al. 2021;
Rouschop et al. 2010; Rudolf and Cervinka 2010;
Schulman et al. 2013). When cells undergo copper
overloading, Cu? in the cytoplasm would stimulate
RAS/MAPK signaling induced by FGF-, which acti-
vates ERK1/2 phosphorylation and regulates tran-
scription factor activity. In addition, Cu'can also
bind MEKI1 kinase, and then MEK1/2 phosphoryla-
tion and then activate ERK1/2 phosphorylation, regu-
late the expression of various genes, mediate BRAF
kinase mutations, and induce tumor growth, such as
melanoma, thyroid cancer, hair cell leukemia, etc.
(Liu et al. 2020; Sensi et al. 2018) (Fig. 3).

Zinc overloading
Occurrence of zinc overloading

Zinc constitutes a component of numerous signifi-
cant enzymes, is implicated in the metabolism of
proteins, lipids and carbohydrates, and assumes an
essential role in maintaining the integrity of red blood
cells as well as in the hematopoietic process, which
is a key element for growth and development (Shan-
mughapriya 2023). Zinc is also implicated in the syn-
thesis of antioxidant enzymes as well as in the syn-
thesis, storage, and release of insulin, suggesting that
zinc ions occupy a crucial position in the progression
of chronic inflammation, type 2 diabetes, and athero-
sclerosis (Shen et al. 2016; Shi et al. 2021).

The variation of free zinc concentration in
organisms is very limited and is stringently regulated
primarily by metallothioneins, zinc transporter proteins
and zinc-iron regulatory proteins in order to sustain
zinc homeostasis within the organism (Smaili et al.
2000). And it has been discovered that during the early
stages of intracellular zinc increase, there is an initial
accumulation of zinc in mitochondria and lysosomes.
This serves to mitigate the potential toxic effects
of free zinc. (Smaili 2003; Smith and Schnellmann
2012). Exogenous Zn>" mainly passes through the
intestinal tract, where it is absorbed by enterocytes
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Cytoplasmic occurrence of copper overload combined with
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and transported intracellularly via Zn>* transporter
proteins. It has been confirmed that SLC39A/ZIP and
SLC30A/ZnT of the Zn** transporter protein family
are respectively involved in the transportation of zinc
ions into and out of cells and various organelles. ZnT
is mainly responsible for transporting zinc ions into
the intracellular compartment, and ZIP can transport
excess zinc ions out of the compartment when the
concentration of Zn?*increases to maintain the
dynamic balance of intracellular zinc ions (Song et al.
2022). Zinc functions as a potent metallothionein
inducer, which binds to metallothioneins to safeguard
cells against oxidative stress (Southon et al. 2020).

Zinc overloading and cell death

The homeostatic balance of zinc ions metabolism is
essential for the maintenance of normal physiologi-
cal functions. Zinc deficiency can cause multi-system
damage, impacting the proliferation and differentia-
tion of immune cells, resulting in diminished immu-
nity and a higher likelihood of developing immune
diseases such as rheumatoid arthritis (Stremmel
et al. 2019). Zinc overloading has been confirmed
by numerous studies to be strongly correlated with
neuronal degenerative diseases, such as Parkinson’s
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oxidizing Cu*can induce a burst of ROS, causing ferroptosis,
autophagy, and apoptosis

disease (PD) and Alzheimer’s disease (Szabo 2021;
Tanaka et al. 2019; Tang et al. 2023). In pathological
conditions or in response to specific stimuli, elevated
intracellular free zinc levels can activate kinases such
as protein kinase C (PKC) and extracellular regu-
lated protein kinase (Erk1/2). The activation of PKC
can subsequently enhance the activity of NADPH
oxidases, leading to increased intracellular oxidative
stress and the generation of large quantities of oxygen
free radicals. These oxidative stresses can further acti-
vate PARP-1, leading to NAD*and ATP depletion,
which in turn induces cell necrosis (Tavender et al.
2010; Tian et al. 2020; Torti et al. 2018). In addition,
overloading of intracellular zinc in neuronal cells
can also lead to the activation of neuronal-type nitric
oxide synthase (nNOS), resulting in an elevation of
nitric oxide (NO). However, NO can combine with
superoxide anion radicals to create the strong oxidiz-
ing agent peroxynitrite (ONOO-). The mitochondrial
membrane permeability transition pore (mPTP) is
subsequently induced to open, the cytochrome C is
released, resulting in the bursting of ROS, and in neu-
ronal cells the development of apoptosis is inducedi-
sis (Tsvetkov et al. 2022). It has been found that zinc
overloading can increase the levels of ROS and LDH,
lead to decreased mitochondrial membrane potential,
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activate the PINK1/Parkin pathway, and induce mito-
chondrial autophagy, and lead to mitochondrial dys-
function (Turski et al. 2012).

Lysosomes, as another important intracellular res-
ervoir of zinc in addition to mitochondria, can also
promote cell death when intracellular zinc ions are
abnormally elevated. Overloading of intracytoplasmic
Zn*" and opening of ZnT, a zinc transporter protein
on the lysosomal membrane, led to a massive influx
of Zn**into lysosomal vesicles, inducing lysosomal
membrane permeabilization (LMP) and release of
large amounts of histone proteases, thereby inducing
cell death (Vasquez-Vivar et al. 1998). On the other
hand, it has been demonstrated that intracellular zinc
overloading can also activate caspase 3 through acti-
vation of Liver kinase B1 (LKB1), which triggers an
increase in downstream AMPK, Bim proteins, and
consequently caspase-dependent apoptosis (Wallhaus
et al. 1998). At present, the molecular mechanism of
zinc ion overloading-induced homeostatic disorders
in organelles, which triggers related diseases, still
requires further detailed studies (Fig. 4).

@ Springer

Interactions between ionic overloads

In the process of studying ferroptosis, in addition to
the direct activation of iron ion channels, the elevated
Fe* levels can be also caused indirectly by activat-
ing the Ca**/ CAM signaling pathway, which can
promote the occurrence of ferroptosis (Wang et al.
2018). The presence of Cu**has also been observed
to enhance the initiation of iron overloading-
induced ferroptosis by elevating the levels of GPX4
autophagic degradation (Wang et al. 2021). Strong
evidence confirms that copper and iron act antagonis-
tically to each other, with copper metabolism enhanc-
ing the release of stored iron through the production
of copper cyanoproteins when iron is deficient, and
iron loading when it occurs, which is also closely
associated with copper deficiency (Wang et al. 2022;
Wu et al. 2019). Moreover, high concentrations of
copper, directly or indirectly, can reduce Ca**influx
thereby impairing myocardial contractile mechanisms
(Xie et al. 2019). Some animal experiments have con-
firmed that when iron overloading occurs in mice,
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both serum and hepatocytes increase Zn’>'levels,
suggesting an association between the metabo-
lism of different metallic elements (Xu et al. 2021;
Xue et al. 2023). The interaction between Cu®** and
Zn* is evidenced by the observation that an exces-
sive amount of Cu®* can amplify cell death induced
by Zn?**through the activation of oxidative stress and
endoplasmic reticulum stress responses (Yang et al.
2022). Moreover, the composition of superoxide dis-
mutase (SOD) is dependent on Cu and Zn, which is
effective in scavenging superoxide anion radicals
and protecting cells from oxidative damage when its
conformation is stable. But when SOD is mutated, it
can lead to protein misfolding by disrupting disulfide
bonds, which ultimately leads to cell death (Yang
et al. 2023). Zn**overloading has likewise been found
to promote ferroptosis (Zalckvar et al. 2009). All of
these studies indicate that ferroptosis is not only asso-
ciated with iron overloading, but also with imbal-
ances in the levels of other ions.

As research continues to continue, more and more
researchers are focusing on the range of abnormal
cellular activities triggered by intracellular metal ions
overloading. They are also exploring various mecha-
nisms to enhance the prognosis and survival time of
patients being treated for different diseases in clinic
settings, in conjunction with conventional therapeutic
tools such as drugs, nanomaterials or ionizing radia-
tion (Zhang and Yang 2018; Zhang et al. 2009; Zhang
et al. 2015).

Cuproptosis Autophagy  Apoptosis

Necrosis

Ferroptosis

In addition to Ca**, Fe**, Cu®**, and Zn>* men-
tioned in this article, there are many other ions as
well as disruptions of inter-ion homeostasis that are
strongly associated with the progression of a variety
of diseases. It has been discovered that in the event
of heart failure, the Na*/H* Exchanger is activated,
resulting in Na‘toverloading within the cardiomyo-
cytes, accompanied by an elevation in the concen-
tration of calcium ions. This in turn, exacerbates
the damage and dysfunction of the cardiomyocytes
(Zhang et al. 2020). In addition, the Mitochondrial
Calcium Uniporter (MCU) is regulated by Mg>* in
the mitochondrial matrix in addition to mediating
mitochondrial Ca®* uptake, and it has been dem-
onstrated that calcium overloading occurs with a
decrease in mitochondrial matrix Mg>", as well as
with the opening of the mPTP and an increase in
MCU activity (Zhang et al. 2022). Utilizing the ion
storage reservoirs in the cytoplasm or organelles and
the exchanges and translocations between ions that
are constantly occurring, it is highly likely that higher
therapeutic efficacy will be achieved by administer-
ing treatments such as ion chelators and ion channel
inhibitors when treating a variety of inflammatory
and systemic disorders in the clinical setting (Fig.5).

Furthermore, the process of cell death induced by
various different ion overloads demands the activa-
tion of diverse downstream signaling pathways medi-
ated by ROS and oxidative stress. Whether different
ions induced ROS generation in the same or similar
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manner still deserves further in-depth study. ROS are
well-common by-products of a large number of enzy-
matic reactions, including superoxide radical anion
(O,7), hydrogen peroxide (H,0,), hydroxyl radical
("OH), peroxyl hydroxyl radical (OOH™), singlet
oxygen (102), and hydroperoxyl radical (ROO™). ROS
is currently known to be produced by the cytoplasm,
mitochondria, ER, and peroxisomes. Cytoplasmic
ROS are mainly produced by NADPH oxidase (NOX)
and nitric oxide synthase (NOS), and O, produced
also participate in death mechanisms like glycolysis
and oxidative phosphorylation, pentose phosphate
pathway, and autophagy (Zhang et al. 2023; Zhou
et al. 2014). Mitochondrial ROS are by-products gen-
erated through electron transfer between complexes
[-IIT in the mitochondrial respiratory chain. When
cellular stress results in the accumulation of anoma-
lously high levels of mitochondrial ROS, ATP syn-
thesis, glycolysis, fatty acid synthesis pathways, and
cell death are all affected (Zhou et al. 2015). While
ER is highly sensitive to the redox state, ROS gen-
eration in the ER relies on the pathways implicating
protein disulfide isomerase (PDI) and endoplasmic
reticulum oxidoreductase 1(ERO1), ultimately result-
ing to the production of H,O,. When oxidative stress
occurs in the endoplasmic reticulum, it induces UPR
and aggravates the oxidative stress of ER. And oxi-
dative stress of ER can also affect mitochondrial
function by inducing mitochondrial Ca** uptake and
mitochondrial ROS production, affecting Ca*'release
and mitochondrial respiration (Zhou et al. 2021).
H,O,production by peroxisomes relies on enzymatic
reactions and electron transfer exchanges by many of
oxidizing enzymes. It was confirmed that induction of
AMPK activity and regulation of downstream mTOR
and ULK1 in the peroxisomal ROS reaction, followed
by targeting of peroxisomes to autophagic vesicles,
activates autophagy (Zhou et al. 2022; Zhou et al.
2022).

Conclusions

In summary, the four metal ions, Ca®*, Fe**, Cu®*,
and Zn**, when overloaded, cause the onset of one
or more cell deaths through the activation of one or
more key downstream molecules as well as signaling
pathways. These biological processes, however, all
entail, to a greater or lesser degree, the participation

@ Springer

of significant intracellular ion storage compartments
such as mitochondria, or lysosomes. More impor-
tantly, the occurrence of oxidative stress and ROS
after overloading of different metal ions in the cell
is a strong confirmation that the process of cellu-
lar life activities is an intricate and complex regula-
tory network with mutual influence. In this review,
we describe the basic transport process of four metal
ions, Ca>™, Fe**, Cu®*, and Zn**, as well as the mech-
anism by which cell death is induced after overload-
ing occurs, and will provide compelling evidence
and clinical references for further studies on the toxic
effects of metal ions.
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