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ABSTRACT: Ferroptosis is an iron-driven, phospholipid hydroperoxide-mediated cell death, which has recently
emerged as an attractive tool in cancer research due to its ability to govern the anti-tumor immune response. A
growing research interest in ferroptosis biology has revealed the contribution of this regulated cell death to multiple
diseases. In addition to iron, ferroptosis has been reported to be triggered by multiple heavy metals, which sheds
light on the novel aspects of heavy metals-induced cytotoxicity. In this review, the ability of zinc, an essential biogenic
element with a wide array of biological functions, to modulate ferroptosis in normal and malignant cells has been
summarized. Accumulating evidence suggests that zinc-induced biological effects can be mediated by ferroptosis
induction or attenuation. In addition, the anti-cancer effects of zinc can be at least partly attributed to ferroptosis
induction. The signaling pathways governing zinc-regulated ferroptosis are highlighted. It has been underscored that
zinc-mediated modulation of ferroptosis is dependent on alterations of redox homeostasis, antioxidant defense (in
particular, the SLC7A11/GSH/GPX4 axis), and iron metabolism. Additionally, data on ferroptosis induction by zinc
oxide nanoparticles are summarized to emphasize the potential of these nanomaterials as a promising therapeutic choice
in anti-cancer treatment.
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1 Introduction

Opver the past few decades, our understanding of key signaling pathways involved in cell death regulation
has been considerably expanded, which has resulted in the identification of multiple unique regulated cell
death (RCD) modalities, i.e., distinct cell death types that require the distinctive, specialized genetically pro-
grammed machinery [1]. Nowadays there are over 25 identified and described lethal subroutines. Although
these RCDs are unique, signaling pathways frequently overlap forming the all-encompassing network [2].
Extensive studies demonstrate that some of the RCDs offer novel therapeutic opportunities, especially in
the field of cancer research, since cancer is characterized primarily by dysregulated cell death [3-5]. It is
important to note that cell death-targeted therapy can not only enable cancer cells to die inexorably but also
adjust the immune response due to the diverse immunogenic effects of different cell death pathways [6,7].
In particular, ample evidence suggests that ferroptosis, which is an iron (Fe)-dependent RCD associated
with reactive oxygen species (ROS)-mediated accelerated phospholipid peroxidation and depletion of the
antioxidant system, is a feasible target in cancer [8,9]. A growing body of evidence indicates that ferroptosis
induction is of value for ensuring cell death of apoptosis-resistant cancer cells. In addition, this strategy can
be used in cancer immunotherapy and to overcome drug resistance [10,11].
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At the molecular level, ferroptosis is primarily driven by Fe overload and phospholipid peroxidation.
Fe triggers a Fenton reaction resulting in the accumulation of ROS, which in turn drives phospholipid
peroxidation [12]. ROS-induced phospholipid peroxidation generates toxic phospholipid hydroperoxides
(PLOOH), which play a pivotal role in the execution of ferroptosis [13]. Ferroptosis sensitivity is dictated
by multiple pathways. In particular, acyl-CoA synthetase long-chain family member 4 (ACSL4), a lipid
metabolism enzyme, facilitates ferroptosis by regulating the fatty acid composition of phospholipids in cell
membranes, smoothing the way for induction and execution of ferroptosis [14,15]. Lysophosphatidylcholine
acyltransferase 3 (LPCAT3) is another lipid metabolism-associated enzyme critical for ferroptosis [16].
Similar to ACSL4, LPCAT3 adjusts the phospholipid composition of cell membranes, regulating the sen-
sitivity of cells to ferroptosis [17]. Along with Fe overload and ROS-induced PLOOH formation, altered
antioxidant signaling pathways are essential conditions for ferroptosis execution [12]. For instance, the
system X, /reduced glutathione (GSH)/glutathione peroxidase 4 (GPX4) axis is a critical well-characterized
regulator of ferroptosis [18]. GPX4 is a selenium-containing GSH-dependent antioxidant enzyme involved
in the detoxification of ferroptosis-driving PLOOHs, and GSH for its action is primarily supplied by the
system X~ containing solute carrier family 7 member 11 (SLC7A11). SLC7All is an essential component of the
system X.~ that determines its role as a glutamate/cysteine antiporter. SLC7All ensures the uptake of cystine
by cells, which is further converted to cysteine, an amino acid that acts as a source of the thiol group crucially
important for the antioxidant activity of GSH [19,20]. GPX4 depletion determines the high sensitivity of cells
to ferroptosis [21].

Ferroptosis dysregulation has been widely linked to pathogenesis of multiple diseases [22,23]. Abundant
evidence clearly states that ferroptosis has been implicated in a broad array of pulmonary, hepatic, renal,
pancreatic, gastrointestinal, dermal, autoimmune, neurodegenerative, endocrine, metabolic, and cardiovas-
cular diseases [24]. Moreover, ferroptosis induction has been reported as a cytotoxic mechanism for several
heavy metals. For instance, hexavalent chromium induces ferroptosis mainly by promoting oxidative stress
and Fe accumulation [25]. Mercury (Hg) was shown to trigger ferroptosis in renal cells depleting GPX4
due to the antagonistic effects of Hg?* to selenium, which is a structural component of GPX4 [26]. Xu
et al. reported that the neurotoxicity of methylmercury was mediated by ferroptosis induction associated
with Fe overload and inhibition of GPX4 and SLC7AI11 [27]. Likewise, SLC7A1l downregulation regulated
by MiR-378a-3p was demonstrated to mediate ferroptosis in lead (Pb)-mediated neurotoxicity [28]. In
addition, the contribution of Pb-induced ferroptosis to neuroinflammation was shown by Guo et al.
in an animal-based model [29]. In this case, Pb-induced ferroptosis was dependent on oxidative stress
and the AMP-activated protein kinase (AMPK)/nuclear factor erythroid 2-related factor 2 (Nrf2)/GPX4
pathway [29]. He et al. revealed that cadmium (Cd)-induced ferroptosis mediated liver dysfunction and was
regulated by the protein kinase RNA-like endoplasmic reticulum kinase (PERK)/eukaryotic initiation factor
2 alpha (eIF2a)/activating transcription factor 4 (ATF4)/CCAAT-enhancer-binding protein homologous
protein (CHOP) signaling pathway [30]. Moreover, Cd-induced damage to pancreatic p-cells was attributed
to inflammation mediated by ferroptosis regulated through the GPX4/Ager/p65 signaling pathway [31].
Wang et al. showed that Cd-induced neurotoxicity was associated with ferroptosis driven by the mitochon-
drial ROS (mitROS)/ferritinophagy pathway [32]. Although copper (Cu) is capable of triggering a distinct
RCD termed “cuproptosis” [33], Cu triggers ferroptosis as well. In particular, Cu-induced ferroptosis is
mediated by autophagic degradation of GPX4 [34]. In C. elegans, the neurotoxicity of Cu is at least partly
attributed to the mitROS/ferritinophagy axis [32]. Additionally, Yang et al. demonstrated that nickel (Ni)-
triggered nephrotoxicity relied on ferroptosis associated with autophagy-dependent ferritin degradation and
subsequent iron accumulation [35]. Like in the case of other heavy metals discussed above, Ni-associated
neurotoxicity is associated with its ability to induce ferroptosis [36]. Ferritinophagy-mediated ferroptosis
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contributed to liver damage caused by arsenic (As) exposure [37]. Furthermore, induced lung damage via
ferroptosis mediated by the mitROS-triggered endoplasmic reticulum membrane dysfunction [38].

The studies outlined above emphasize the role of ferroptosis in mediating the toxicity of heavy metals,
especially in relation to its immunogenic consequences, indicating that ferroptosis inhibition might be
a tempting strategy to reduce the toxicity of heavy metals. Moreover, ferroptosis induction by materials
containing heavy metals, e.g., metal-based nanomaterials, seems to be promising for cancer treatment. To
our knowledge, the links between zinc (Zn) and ferroptosis have not been yet summarized. Thus, in this
review, the currently available relevant data on the ability of zinc to induce ferroptosis is summarized with
a focus on the molecular signaling pathways involved and Zn-based nanoparticles as anti-cancer inducers
of ferroptosis.

2 Zinc and Its Biological Effects: Possible Links to Ferroptosis

Zn is an essential biological trace element with a variety of important biological functions [39]. The
diversity of Zn effects is associated with the fact that this metal is able to bind over 3000 various proteins
comprising approximately 1/10 of the proteome. Additionally, Zn-coordinating Zn-finger domains are found
in about 3% of proteins [40]. Zn modulates the activity of signaling pathways, transcription factors, and
second messenger systems regulating mitosis and differentiation of cells [41]. Zn affects the intracellular
content of second messengers, including cyclic adenosine monophosphate (cAMP) and cyclic guanosine
monophosphate (cGMP). Furthermore, it increases the affinity of certain ligands to receptors, modulating
in this way extracellular signaling from hormones, cytokines, growth factors, etc. [42]. Zn promotes the
phosphoinositide 3-kinase (PI3K)/protein kinase B (Akt) and extracellular signal-regulated kinase (ERK)
signaling [43,44]. Notably, Zn is involved in the regulation of the cell cycle at multiple levels, including
via managing cyclin D/E, Ca’* signaling, MAPK activity, and DNA synthesis [45]. On top of that, cellular
quiescence is triggered by Zn deficiency [46].

Compelling evidence demonstrates that Zn is crucial for immunity by participating in oxidative burst,
cytokine production, neutrophil extracellular trap formation, and phagocytosis [47-49]. Physiologically,
Zn inhibits inflammation by suppressing nuclear factor kappa-light-chain-enhancer of activated B cells
(NF-kB) [50]. Furthermore, inhibition of inflammation by Zn is mediated by NLR family pyrin domain
containing 3 (NLRP3) inflammasome inhibition [51]. Additionally, as a cofactor of a wide array of enzymes,
Zn promotes wound healing, modulating extracellular matrix remodeling via regulating matrix metal-
loproteinases [52]. Converging lines of evidence suggest that Zn elicits indirect antioxidant effects by
suppressing inflammation-induced ROS generation, as a co-factor of antioxidant enzymes such as superoxide
dismutase (SOD), by upregulation of ROS-scavenging metallothionein, and through protection of -SH
groups in proteins [53,54]. Zn deficiency is associated with DNA damage, indicating its involvement in DNA
repair [55]. Due to the involvement of Zn in mediating neurotransmitter/receptor interactions, it maintains
the transmission of nerve impulses contributing to supporting cognitive functions [56]. Furthermore, Zn
can normalize the altered energy metabolism and ATP synthesis in stress conditions [57]. Ample evidence
indicates that Zn is known to alleviate endoplasmic reticulum stress [58,59].

Abundant evidence indicates that Zn is involved in the regulation of cell death. Indeed, Zn is both
pro- and anti-apoptotic. Furthermore, Zn induces apoptosis via ROS generation [60,61] and through the
external Fas-mediated pathway [61]. Moreover, high levels of Zn were demonstrated to activate caspase-3, a
key executioner of apoptosis [62]. At the same time, Zn might inhibit the intrinsic mitochondrial apoptotic
pathway by blocking Bax/Bak-mediated cytochrome c release [63]. Zn directly binds and inhibits caspases,
proteases critically essential for the execution of apoptosis [64]. Moreover, caspase activation in cells might
be triggered by Zn deficiency in cells suggesting a protective anti-apoptotic role of Zn [65]. Thus, the impact
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of Zn on apoptosis might be context-dependent and requires the crosstalk with other pro- and anti-apoptotic
stimuli. Moreover, accumulating evidence indicates that Zn-mediated effects on apoptosis are cell type- and
concentration-dependent [42].

The diversity of Zn-associated biological effects, its abundance in the human proteome, and its
contribution to the regulation of cell death has resulted in a hypothesis that Zn overload can trigger a unique
RCD termed “zincoptosis” by analogy with Cu-driven cuproptosis and Fe-driven ferroptosis [66].

High Zn intake results in its toxicity, promoting Zn-induced Cu deficiency and neurological disorders.
However, toxic levels of Zn can hardly be achieved via oral intake [67]. Thus, the issues of Zn toxicity are
poorly studied compared to its deficiency. At the molecular level, Zn-induced toxicity is mediated by a
variety of molecular mechanisms. The effects observed as a result of Zn overload are frequently opposite
to those reported for physiological concentrations of this metal. In general, excessive Zn-associated toxicity
is linked to oxidative stress, mitochondrial and lysosomal dysfunction, DNA damage, modification of
gene transcription and DNA methylation profiles, induction of apoptosis, regulation of the inflammatory
response, and modulation of cell death pathways.

Zn-induced excitotoxicity is mediated by activation of protein kinase C with downstream recruitment
of NADPH oxidase (NOX) that promotes ROS production [68]. Furthermore, oxidative stress in neurons can
be aggravated due to excessive peroxynitrite formation associated with neuronal NO synthase activation [68].
Furthermore, Zn induces ROS generation, and depletes NADPH, and GSH-dependent links of the antioxi-
dant system, e.g., glutathione reductase, in astrocytes [69]. In line with the data outlined above, Zn triggers
NOX-dependent ROS generation in cerebral ischemia/reperfusion [70]. In addition to NOX-derived ROS,
Zn toxicity is mediated by mitROS whose production is upregulated as a result of Zn-triggered mitochondrial
dysfunction [71-73]. Mitochondrial dysfunction induced by exposure to excessive Zn levels leads to a decline
in ATP synthesis promoting energy deficit [74]. Notably, mitochondrial dysfunction in excessive Zn-exposed
cells is associated with lysosomal dysfunction, suggesting the involvement of the lysosomal-mitochondrial
axis in Zn-mediated cytotoxicity [75]. Yang et al. revealed that cathepsin D was essential for activation of the
lysosomal-mitochondrial axis and Zn-induced apoptosis mediated by recruitment of this axis [75].

Although Zn prevents DNA damage at physiological concentrations, Zn overload promotes DNA
damage in cancer cells, reinforcing genomic instability [76,77]. Excessive Zn exposure is associated with
epigenetic changes, including DNA hypomethylation and therefore dysregulation of gene expression [78].

Accumulating evidence suggests that excessive Zn alters the inflammatory response. In particular, high
Zn levels downregulate NF-kB-dependent secretion of interleukin 2 (IL-2), interleukin-2 receptor alpha
(IL-2Ra), and tumor necrosis factor-alpha (TNF-a) in Thy cells [79]. Conversely, exposure to supraphys-
iological Zn concentrations triggered NF-kB-dependent generation of TNF-a, IL-1B, and IL-6 in THP-1
monocytes [80]. In general, a limited number of studies have focused on the impact of Zn exposure at high
levels on immune functions.

Zn is widely studied as an inducer of apoptosis in cancer cells. Feng et al. showed that Zn triggered apop-
tosis in prostate cancer cells upregulating Bax [81]. In melanoma cells, Zn triggers ROS- and FAS-dependent
apoptosis [60,61]. Zn triggers apoptosis activating caspase-3, upregulating Bax, and downregulating Bcl-2
and Bcl-xL in malignant epithelial cells [82]. Moreover, Zn potentiates the action of anti-cancer drugs, e.g.,
docetaxel, in non-small-cell lung cancer in an oxidative stress-mediated fashion [83]. Thus, Zn-associated
anti-cancer effects might be linked to apoptosis induction.

To sum up, Zn is an essential trace element, which is crucial for the proper functioning of a wide array of
biological processes (Table 1). Its deficiency is well-documented. On the other hand, Zn overload is associated
with toxicity, which is poorly studied. The current analysis suggests that cell death, in particular, apoptosis, is
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implicated in Zn toxicity. Moreover, the contribution of ROS production and mitochondrial and lysosomal
dysfunction to Zn-mediated cytotoxicity indicates that Zn might elicit its toxicity via ferroptosis induction.

Table 1: Biological effects of zinc

Effect Reference
Co-factor of over 3000 proteins [40]
Modulation of extracellular signaling from hormones, growth factors, and cytokines [42]

by adjusting ligand-receptor interactions

Regulation of intracellular second messengers, e.g., CAMP and cGMP [42]
PI3K/Akt and ERK signaling-dependent survival regulation [43,44]
Cyclin D/E- and MAPK-dependent cell cycle regulation [45]

DNA synthesis regulation [45]
Ca’* signaling regulation [45]
Cellular quiescence regulation [46]
Oxidative burst in neutrophils [47-49]
Cytokine production [47-49]
Formation of NETs in neutrophils [47-49]
Phagocytosis [47-49]
NF-kB- and NLRP3-dependent inhibition of inflammation [50,51]
ECM remodeling [52]
Apoptosis regulation [60-65]
Antioxidant action [53,54]
Regulation of ER function [58,59]
Regulation of energy metabolism [57]

Notes: Akt, Protein kinase B; cAMP, Cyclic adenosine monophosphate; cGMP, Cyclic guanosine monophos-
phate; ECM, Extracellular matrix; ER, Endoplasmic reticulum; ERK, Extracellular signal-regulated kinase;
MAPK, Mitogen-activated protein kinase; NETs, Neutrophil extracellular trap; NF-xB, Nuclear factor
kappa-light-chain-enhancer of activated B cells; NLRP3, NLR family pyrin domain containing 3; PI3K,
Phosphoinositide 3-kinase.

This review highlights the features of Zn-induced ferroptosis and summarizes studies focusing on the
molecular pathways involved in ferroptosis regulated by Zn and Zn-containing compounds. Elucidation of
Zn-induced ferroptosis features might provide insight into novel mechanisms of Zn-based cancer treatment
to expand its potential clinical applications.

3 Ferroptosis Is Regulated by Zinc in a Context-Dependent Manner

Notably, the ability of Zn to regulate ferroptosis is built on a simple premise that Zn is tightly linked with
Fe, a key inducer of ferroptosis, even at the organismal level. Indeed, there is extensive evidence supporting
the interplay between Zn and Fe metabolism. In particular, Zn influences Fe intestinal absorption, and
hence its bioavailability upregulates divalent metal iron transporter-1 (DMT1) and ferroportin (FPN1) [84].
Conversely, Zn was shown to reduce Fe absorption due to the competition between both ions for the
intestinal transport systems [85]. Further research demonstrated that Zn contributed to whole-body Fe
homeostasis by regulating circulating ferritin levels and the intracellular Fe pool [86]. Thus, Zn might
regulate the bioavailability of Fe at the organismal level and its intracellular pool, which might contribute
to the regulation of ferroptosis. In general, the impact of the whole-body Zn status on ferroptosis might
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widen our understanding of the crosstalk between biogenic elements (Zn and Fe) and provide novel insight
into inflammation-related effects of Zn, since ferroptosis is known to be immunogenic cell death that emits
multiple inflammation-regulating signals [87].

As illustrated in Fig. 1, our analysis reveals that Zn might be pro- and anti-ferroptotic depending on
the context and cell types., In non-tumor cells, the effects of Zn on ferroptosis are cell type-dependent. Zn-
mediated regulation of ferroptosis has been shown to ensure neuroprotection, as well as nephroprotection.
At the same time, Zn-mediated toxicity can be attributed to the induction of ferroptosis. In particular, Zn-
induced ferroptosis has been implicated in neurotoxicity [88]. In HT-22 murine hippocampal neuronal cells,
combined exposure to Zn, Cu, and Fe triggered ROS-dependent ferroptosis associated with upregulation of
iron-metabolism-associated proteins TFR1, FPN1, FTL, and FTHI, as well as ACSL4, and downregulation
of GPX4. Notably, in the same experiment, Zn alone induced ferroptosis promoting lipid peroxidation
downregulating GPX4, as well as upregulating TFR1, FPN1, and FTHI. Of note, the effect of the metal mixture
was much more pronounced compared to individual metals, suggesting a certain level of additivity [88].
However, Zn was shown to be neuroprotective inhibiting oxidative stress-induced ferroptosis by promoting
overexpression of GPX4, Nrf2, and HO-1 [89]. Apparently, the context-dependent neuroprotective or neu-
rotoxic effects of Zn are mediated by its impact on redox signaling. Converging lines of evidence suggest that
the impact of Zn on redox metabolism is not straightforward and Zn may be pro- or antioxidant, depending
on the cellular microenvironment [54]. Thus, it can be assumed that the influence of Zn on ferroptosis in the
nervous tissue is dependent on the balance between its prooxidant and antioxidant activities. This hypothesis
is in line with the key role played by oxidative stress in Zn-mediated ferroptosis-associated neurotoxicity and
alleviation of ferroptosis following Zn-induced mitigation of oxidative stress.

Pro-ferroptOtic i _

T ROS 1 FPN1 1 GPX4
1 mitROS t TFR1 &L O:;icelsa:ive
1 ACSL4 tTransferrin 1 Nif2

| GPX4 T 1 HO-1

e 1 FTHI 1 SLCTAILL

peroxidation

Figure 1: Physiologically, zinc regulates ferroptosis in a cell type- and context-dependent manner. Zinc modulates fer-
roptosis by regulating ROS production, antioxidant enzymes, and iron metabolism-regulating proteins. Abbreviations:
ACSL4, Acyl-CoA synthetase long-chain family member 4; FPNI, Ferroportin 1; FTHI, Ferritin heavy chain 1; FTL,
Ferritin light chain; GPX4, Glutathione peroxidase 4; HO-1, Heme oxygenase 1; mitROS, Mitochondrial reactive oxygen
species; Nfr2, Nuclear factor erythroid 2-related factor 2; ROS, Reactive oxygen species; SLC7A1l, Solute carrier family
7 member 11; TFRI, Transferrin receptor 1
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In swine testicular cells, Zn-induced ferroptosis promotes mitROS generation, lipid peroxidation,
ferritin and GPX4 downregulation, upregulation of TFRI, transferrin, and high mobility group box 1
(HMGBI) [90]. At the same time, Zn was shown to protect renal tubular cells from contrast media-induced
ferroptosis [91]. Additionally, Zn ameliorated As-induced ferroptosis in carp kidney cells upregulating GPX4
and SLC7A11 and reducing oxidative damage [92].

Regrettably, there is a dearth of research focusing on Zn-induced ferroptosis. However, it has become
clear that Zn can be either pro- or anti-ferroptotic. Among the factors that determine the response of cells
to Zn, oxidative stress is of significant importance.

Unsurprisingly, a variety of studies have focused on Zn-induced ferroptosis in cancer cells to investi-
gate the potential implications of Zn-based anti-cancer therapy (Table 2). In A549 human non-small cell
lung cancer cell lines, Zn induced ferroptosis, which was clearly distinct from necrotic cell death and
apoptosis at the proteomic, metabolomic, and transcriptomic levels [93]. Ferroptosis was associated with
lipid peroxidation, deactivation of the system x.~ and GSH depletion, upregulation of glutathione-specific
gamma-glutamylcyclotransferase 1 (CHAC1), which is an important regulator of redox metabolism and
ferroptosis [93]. Furthermore, Zn deficiency inhibited ferroptosis of EC109 esophageal squamous carcinoma
cells by adjusting lactate production [94].

Table 2: In vitro studies focusing on zinc-regulated ferroptosis

Compound Concentrations  Exposure Cell types Mechanisms Reference
time, h
Zinc as zinc 0-1000 uM 1-24 Human lung Activation of [93]
chloride adenocarci- GPX4-
noma A549 independent,
cells ROS-dependent
ferroptosis
Zinc as zinc 90 umol/L 3 Motor neuron Nrf2/GPX4 [89]
gluconate hybrid VSC4.1 pathway-
cells dependent
inhibition of
ferroptosis
Zinc as zinc 50, 100 uM 24 Swine testicular Activation of [90]
sulfate cells mitROS-
dependent
ferroptosis
Zinc as zinc 1 mg/L zinc 6,12, 24, Mouse Activation of [88]
sulfate and 48 hippocampal ERK/cPLA2/AA
heptahydrate neuronal HT22 pathway-mediated
cells ROS-dependent
ferroptosis
Combined 0.3 mg/L iron +1 6,12, 24, HT22 cells Activation of [88]
exposure to mg/L zinc + 1 and 48 ERK/cPLA2/AA
zing, copper, mg/L copper pathway-mediated
and iron ROS-dependent
ferroptosis

(Continued)
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Table 2 (continued)

Compound Concentrations  Exposure Cell types Mechanisms Reference
time, h

Zinc as zinc 5-640 uM 24 Renal tubular MTI1-dependent [91]
acetate in cells inhibition of

combination contrast

with a LATS1 media-induced
inhibitor ferroptosis

Zinc as zinc 6 mM 24 Carp kidney YAP-TFR/ROS [92]
chloride cell line signaling-

dependent

inhibition of
arsenic-induced
ferroptosis

Notes: AA, Arachidonic acid; cPLA2, Cytosolic phospholipase A2; ERK, Extracellular signal-regulated kinase; GPX4,
Glutathione peroxidase 4; LATS], Large tumor suppressor homolog 1; MT1, Metallothionein 1; Nfr2, Nuclear factor
erythroid 2-related factor 2; ROS, Reactive oxygen species; TFR, Transferrin receptor; YAP, Yes-associated protein.

It has become clear that Zn can regulate ferroptosis in normal and malignant cells. The paucity of
currently available data about the factors that might determine the response of the ferroptosis machinery to
Zn suggests that there is still a long way to complete elucidation of Zn-ferroptosis interactions. Apparently,
the ferroptosis pathway machinery represents an important target for Zn in both non-malignant and malig-
nant cells, indicating that Zn regulation of ferroptosis has physiological and pathophysiological implications.
Nevertheless, more studies are required to provide a deeper insight into the potential clinical applications of
ferroptosis targeting by Zn for cancer therapy.

4 Diverse Signaling Pathways Govern Ferroptosis Modulated by Zinc

Signaling pathways involved in Zn-induced ferroptosis are far from being elucidated at the moment.
The impact of Zn on ferroptosis can be also modulated through the zinc transporter SLC39A7 (ZIP7), which
is shown to regulate ferroptosis by supporting endoplasmic reticulum homeostasis [95]. Further studies
demonstrated the involvement of another Zn regulator, ZRT/IRT-like protein 14 (ZIP14), in ferroptosis
through modulation of Fe bioavailability [96].

It is clear that Zn might influence ferroptosis by affecting the prooxidant/antioxidant balance. The
SLC7A11/GSH/GPX4 axis plays a key role in the regulation of susceptibility to ferroptosis and is well-
documented to be affected by Zn. It is interesting to note that Zn can induce ferroptosis without
downregulation of GPX4 [93]. However, GPX4 depletion-associated ferroptosis has been reported and seems
to be important [90]. At the same time, protective inhibitory effects of Zn on ferroptosis are associated
with GPX4 overexpression [89]. Thus, in cells exposed to Zn, GPX4 expression might be downregulated,
unaffected, or upregulated, which contributes to determination of the cell fate by counteracting pro-
ferroptotic effects of ROS and PLOOH. Little is known about the precise molecular interactions between
zinc and key ferroptosis regulators. Protective effects of Zn against ferroptosis are attributed to NRF2/HO-1-
dependent GPX4 upregulation [89]. Importantly, the Nrf2/HO-1 pathway is activated in response to oxidative
stress to upregulate antioxidant enzymes and alleviate oxidative damage [97]. At the same time, it is clear
that Zn** overload-induced ROS production might deplete GSH [98], which increases susceptibility to
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ferroptosis. Thus, it can be suggested that the degree of redox imbalance triggered by Zn can be decisive for
modulating the regulation of antioxidant ferroptosis-related enzymes. Additionally, Zn is known to stimulate
autophagy [99] and autophagy-dependent degradation of GPX4 is frequently associated with heavy metals-
induced ferroptosis [100]. However, this hypothesis has not yet been verified experimentally. Notably, the
SLC7All acetylation status has been shown to affect susceptibility to Zn-induced ferroptosis [101]. Obviously,
more efforts are required to elucidate how the anti-ferroptotic machinery is influenced by Zn.

Mitochondria play an important role in modulating ferroptosis-associated eftects of Zn. Zn-induced fer-
roptosis is mediated by mitophagy [90]. Furthermore, mitochondrial Zn?* influx is linked to mitochondrial
dysfunction, resulting in activation of ferroptosis [102]. Oxidative stress essential for ferroptosis induction
is also worsened by Zn through induction of mitROS generation, suggesting that mitROS production is an
important mechanism for Zn-induced ferroptosis [90].

Apart from the redox pathways, it has been shown that the ERK/cPLA2 (cytosolic phospholipase
A2)/AA (arachidonic acid) signaling pathway is activated to mediate ferroptosis induced by co-exposure to
Zn, Cu, and Fe [88]. Additionally, activation of the Nrf2/HO-1 pathway is involved in ferroptosis inhibition
by Zn [89].

Notably, the cell’s exposure to toxic concentrations of Zn aims to adapt by upregulation of cysteine-rich
Zn-chelating metallothioneins (MTs), including MT1F, MT1X, and MT2A [93]. Interestingly, Zn-induced
upregulation of MT1 protects cells from contrast media-induced ferroptosis [91]. Furthermore, the protective
anti-ferroptosis effects of Zn have been associated with the modulation of the YAP/TFR pathway [92].

Thus, Zn affects various ferroptosis-regulating signaling axes, both driving and inhibiting them. These
pathways regulate redox homeostasis, antioxidant defense, and iron metabolism. The abundance of the
signaling pathways associated with the regulation of Zn-induced ferroptosis underscores the complexity of
this phenomenon. Importantly, initiating mechanisms that launch the entire ferroptosis machinery under
the influence of Zn remains unexplored. Novel studies focusing on the elucidation of the signaling pathways
orchestrating Zn-regulated ferroptosis might shed light on the mechanisms of Zn toxicity and identify novel
conditions for Zn-based therapeutic interventions.

5 Ferroptosis Induction by ZnO Nanoparticles Is a Promising Approach for Anti-Cancer
Immunotherapy

Given a variety of functions and processes affected by Zn, Zn supplementation is considered to have
therapeutic potential [42]. In this study, it has been emphasized that the therapeutic effectiveness of Zn can
be at least partly attributed to ferroptosis modulation. At the same time, Zn itself is probably not suitable
for ferroptosis-modulating therapy due to its multifaceted nature in the human body and lack of selectivity.
Nonetheless, Zn-based nanomaterials are promising versatile candidates for therapeutic agents that can
overcome the shortcomings of Zn. They can be investigated as ferroptosis modulators and are adjustable to
ensure the possibility of further modification of their properties to fine-tune the therapeutic effects.

ZnO nanoparticles (NPs) are well-characterized nanomaterials with a good safety profile and a broad
range of potential biomedical applications, including for bioimaging and drug delivery, as antibacterial,
anti-cancer, antidiabetic, antifungal, anti-inflammatory, antioxidant, hepatoprotective and wound healing
agents [103]. It is important to note that ZnO NPs are declared by the Food and Drug Administration among
quite a few metal-containing nanomaterials as generally recognized as safe [104]. The biocompatibility of
ZnO NPs supports further research aimed at delineation of their medical applications. Anti-cancer effects of
ZnO NPs are under scrutinous investigation and can be potentially applied for in vivo tumor imaging, as anti-
cancer agents, for targeted drug delivery and diagnostic purposes [105]. In general, the anti-cancer effects
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of ZnO NPs are attributed to oxidative stress, Zn>* release, apoptosis induction, induction of mitochondrial
dysfunction, and lysosomal membrane destabilization [105-108]. However, modern data have revealed
that cancer cells are vulnerable to ferroptosis, which can be exploited for cancer therapy [109]. Cancer
susceptibility to ferroptosis has fueled research dealing with the search for novel nanotechnology-based
ferroptosis-triggering anti-cancer agents. In this review, the currently available data on the pro-ferroptotic
effects of ZnO NPs and other Zn-containing nanomaterials are summarized.

ZnO NPs have been shown to trigger ferroptosis in normal cell lines, including human umbilical
vein endothelial cells (HUVECs) [110,111], EA.hy926 human endothelial cells [111], and GC-2 spd murine
spermatocytes [112]. Furthermore, ZnO NPs induced ferroptosis in Mycobacterium-infected RAW264.7
macrophages, evidenced by ACSL4 upregulation and GPX4 downregulation [113]. This study sheds light on
the possible application of ZnO NPs as ferroptosis-targeting antibacterial agents.

In HUVECs or EA.hy926 cells, ZnO NPs-induced ferroptosis was associated with the depletion of
the antioxidant system (GSH and GPX4 depletion), and ROS overproduction-induced lipid peroxida-
tion [110,111]. However, it is important to note that ZnO NPs-induced ferroptosis in HUVECs or EA.hy926
cells is not associated with abnormal expression of ACSL4 or SLC7A1l [111]. In murine spermatocytes,
ferroptosis was linked to ROS overproduction, lipid peroxidation, GSH depletion, mitochondrial dysfunc-
tion, and downregulation of NCOA4, FTHI, SLC7A1l and GPX4 [112]. Notably, ferroptosis induction by
ZnO NPs in HUVECs and EA.hy926 cells critically depends on NCOA4 (nuclear receptor coactivator
4)-dependent ferritinophagy, which increases Fe availability inside the cells by autophagic degradation of
ferritin involved in iron storage [111]. Another mechanism involved in ZnO NPs-induced ferroptosis includes
miR-342-5p-dependent ERC1 (ELKS/RAB6-Interacting/ CAST Family Member 1) inactivation and NF-xB
recruitment [112]. Pro-ferroptotic SLC7All downregulation induced by ZnO NPs in HUVECs was found
to be p53-dependent, which is another insight into the regulation of ZnO NPs-induced ferroptosis [110]. It
is worth mentioning that Zn ions at least partly contribute to ferroptosis induced by ZnO NPs, since their
accumulation in ZnO NPs-treated normal cells has been shown [113].

Selective induction of ferroptosis in cancer cells without affecting non-tumor cells remains one of the
severe limitations of ferroptosis induction in cancer therapy [114]. This review clearly shows that ZnO NPs
can induce ferroptosis in a broad array of normal cell lines, suggesting that further efforts should be put into
investigating the improvements that can be applied to increase selectivity.

In multiple studies, iron doping is widely used to enhance ROS-generating and pro-ferroptotic action of
ZnO NPs [115,116]. Indeed, iron doping is a common strategy used for ferroptosis-inducing nanomaterials in
cancer treatment [117]. However, in this study, the effects of exclusively non-doped Zn-based nanomaterials
are summarized to delineate their ferroptosis-inducing potential. ZnO NPs trigger ferroptosis in cancer
cell lines, including rat pheochromocytoma PC-12 cells [118], HCT116 and CT26 colon carcinoma cell
lines [119], SMMC-7721 human hepatocarcinoma cells [120], SKOV3 ovarian adenocarcinoma cells [121],
murine breast cancer 4T1 cell line [122,123], SH-SY5Y human neuroblastoma cells [124], and pre-B acute
lymphoblastic leukemia Nalm-6 and REH cells [125]. In SMMC-7721 cells exposed to ZnO quantum dots,
proteomic analysis revealed altered expression of ferroptosis-associated proteins, but no further verification
of ferroptosis induction was performed [120]. In other studies, ferroptosis was demonstrated by using
ferroptosis inhibitors or via the detection of ferroptosis markers.

Asillustrated in Fig. 2, GPX4 and SCL7A1l downregulation was a hallmark of ZnO NPs-induced ferrop-
tosis [118,119,123-125]. In HCT116 and CT26 cells, ZnO nanospheres-induced ferroptosis was associated with
ROS overproduction and upregulation of NOXI, cyclooxygenase 2 (COX2), and TFRI [119]. In SKOV3 cells,
ZnO NPs promoted oxidative stress, lipid peroxidation, downregulation of SOD and GPX4, and upregulation
of TFR1 and ACSL4 [121]. In the 4T1 cell line, ZnO NPs induced ferroptosis associated with depletion of GSH,
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SLC7A11, GPX4, and ALOXI5 upregulation [122,123]. ZnO NPs-triggered ferroptosis of SH-SY5Y cells was
linked to the downregulation of GPX4, FTL, and SLC7A1l, as well as the development of oxidative stress [124].
In Nalm-6 and REH cells, ferroptosis was associated with lipid peroxidation, Fe overload, upregulation of
ACSL4, ALOX15, and p53, GSH depletion, and downregulation of SLC7A1l and GPX4 [125] (Table 3).
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Figure 2: Zinc oxide nanoparticles-induced ferroptosis in cancer cells. In cancer cells, ZnO NPs induce oxidative
stress by promoting ROS generation and causing GSH depletion by inhibiting the system X.~. Abbreviations: GPX4,
Glutathione peroxidase 4; GSH, Reduced glutathione; JNK, c-Jun NH2-terminal kinase; NOX, NADPH oxidase;
NPs, Nanoparticles; ROS, Reactive oxygen species; SLC7All, Solute carrier family 7 member 11; SOD, Superoxidase
dismutase; TFRI1, Transferrin receptor 1

Table 3: Zinc oxide nanoparticles and zinc-based nanomaterials as ferroptosis inducers for cancer treatment

Nanoparticles/ Characteristics Concentrations, Exposure  Cell types Mechanisms Reference
Nanomaterials ug/mL time, h
ZnO nanoparticles <50 nm in size 30 24 PC-12 cells JNK-dependent [118]
ferroptosis
ZnO nanospheres Zinc oxide coated NA 24 HCTI116 H,S-scavenging [119]
virus-like silica and CT26 mediated
nanoparticles (120 nm cells ferroptosis
in size)
ZnO quantum dots ~ 7.98 + 0.31 nm in size 20 and 50 24 SMMC- Proteomics-based [120]
7721 detection of
cells dysregulation of
ferroptosis-related
proteins
ZnO nanoparticles 22 + 1.23 nm in size 25-300 24, 48 Nalm-6 Fe*™-mediated [125]
and REH ferroptosis
cells
Hollow ZnO 50 nm in size Up to 50 4T1 cells Autophagy- [122]
nanospheres dependent
ferroptosis

(Continued)
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Table 3 (continued)

Nanoparticles/ Characteristics Concentrations, Exposure  Cell types Mechanisms Reference
Nanomaterials ug/mL time, h
ZnO nanoparticles 20-130 nm in size 10-30 24 SKOV3 Autophagy- [121]
cells dependent
ferroptosis
ZnO nanoparticles 44.67 + 1.29 nm in size 5 24 4TI cells Fe**-mediated [123]
with/without and zeta potential of ferroptosis
chlorin e6 —-20.00 + 1.41 mV
ZnO nanoparticles 3171 + 1.67 nm in size ~ 12.5, 25, and 50 6 SH-SY5Y ROS-dependent [124]
cells ferroptosis

Notes: JNK, c-Jun NH,-terminal kinase; NA, Not available; ROS, Reactive oxygen species.

Comparative analysis of the studies focusing on ZnO NPs-induced ferroptosis in cancer cells reveals the
importance of targeting the SLC7A11/GSH/GPX4 axis, depleting the antioxidant capacity of cells to ensure
ROS-mediated damage to cells for further lipid peroxidation and ferroptosis induction. Additionally, Fe
overload is an important upstream mechanism that triggers ROS production and ferroptosis under the action
of ZnO NPs [123]. ROS generation is also of paramount importance [124]. Of note, in rat pheochromocytoma
PC-12 cells, ZnO NPs-induced ferroptosis was JNK-dependent [118]. Activation of the JNK pathway was
triggered by ROS and amplified pro-ferroptotic signals via Fe accumulation [126]. Of note, the crosstalk
between ferroptosis and autophagy has been shown to mediate tumor cell-killing effects of ZnO NPs. In
particular, ferroptosis induced by ZnO NPs in ovarian adenocarcinoma cells was autophagy-dependent and
required autophagy protein 5 (ATG5) recruitment [121]. Furthermore, autophagy was reported to promote
ferroptosis in cancer cells by reducing GPX4 [122]. Of note, like in the case of normal cells, Zn** release from
ZnO NPs is required for ferroptosis induction [124].

It is important to note that in some studies the selectivity of ferroptosis-inducing effects of ZnO NPs
towards cancer cells compared with the non-tumor cells has been demonstrated [125]. To sum up, ZnO NPs
can be considered promising candidates for applying as anti-cancer agents. This review clearly demonstrates
that ferroptosis induction is an important weapon in the arsenal of ZnO NPs.

Collectively, ferroptosis targeting by ZnO NPs is under investigation in antibacterial and anti-cancer
therapy. Ample evidence suggests that ZnO NPs-mediated ferroptosis induction is a feasible anti-cancer
strategy. ZnO NPs primarily induce ferroptosis by boosting ROS production and depleting the antioxi-
dant machinery protective against ferroptosis. It remains largely underexplored whether the depletion of
ferroptosis-related antioxidant enzymes is indirect and associated with ROS overproduction or is directly
affected by NPs. Moreover, the field definitely lacks studies revealing the impact of ZnO NPs-induced fer-
roptosis on anti-cancer immunity. This issue is of crucial importance since ferroptosis-mediated anti-cancer
effects are primarily attributed to the immunogenic properties of this cell death.

6 Concluding Remarks

Zn is an essential biological element performing a wide range of biological functions. This review
provides evidence that ferroptosis, an oxidative stress-associated, iron-driven RCD, is involved in the
pathological effects of both Zn deficiency and toxicity. Although scarce data on the links between Zn and
ferroptosis are currently available, it has already become clear that Zn-associated effects on ferroptosis are cell
type- and context-dependent. However, factors that might influence susceptibility to Zn-induced ferroptosis
or conditions in which Zn-induced ferroptosis might be activated are poorly explored. In addition, Zn
might regulate inflammation by adjusting ferroptosis levels. In particular, in spinal cord injury, alleviation



BIOCELL. 2025;49(5) 733

of ferroptosis by Zn downregulates pro-inflammatory cytokines to reduce inflammation [89]. At the same
time, the induction of ferroptosis by Zn can boost inflammation, since ferroptosis alters inflammatory
pathways [127].

Much remains to be understood in the circumstances and ways of ferroptosis-associated Zn-induced
cytotoxicity. A great variety of challenges and unknown issues harness the development of the field. Cur-
rently, it has become clear that ferroptosis sensitivity is different in various cells and is subject to regulation by
intracellular signaling and metabolic networks [128], which determines the context-dependent character of
ferroptosis regulation. Although we are far from an in-depth understanding of this process, apparently, this
susceptibility is shaped by changes in the expression of ferroptosis-related genes [14]. This explains why Zn
can be pro- or anti-ferroptotic in different cells. It can be assumed that the impact of Zn on the cells is imposed
upon the integrated ferroptosis genetic suppressor network and the pro-ferroptotic PLOOH-forming system
and the interplay of these inputs determines the output (ferroptosis). This hypothesis is supported by the
fact outlined in this review that Zn-induced ferroptosis might occur when GPX4 is not dysregulated or
even upregulated.

Recent findings indicate that pro-ferroptotic signaling converges upon an execution mechanism [128].
Indeed, in the current study, Zn has been shown to affect ferroptosis by regulation of ROS production, as well
asiron and GSH availability. At the moment, it seems challenging to detect initiating factors and mechanisms
contributing to ferroptosis induction by Zn. Reasonably, the complex interaction between these links rather
determines the cell fact. In particular, ROS are known as one of the major regulators of survival/cell death
that can also ensure a switch between different lethal subroutines acting as a rheostat [129]. Likewise, GSH
depletion is an essential signaling hallmark of multiple RCDs [130].

Regulation of Zn availability has been already suggested as a promising strategy for cancer treat-
ment [131]. Over recent years, ferroptosis has become a hotspot in cancer research due to its cancer cell-killing
and immunogenic effects [132]. In this review, the hypothesis that ferroptosis modulation might be involved
in the anticancer effects of Zn is supported. In addition, converging lines of evidence suggest that ZnO
NPs are potential ferroptosis-inducing anticancer agents. In this review, the GSH/GPX4 status is shown
to be an important hub in the modulation of ferroptosis by Zn and ZnO NPs. This is consistent with
other data supporting the role of GSH in determining the cell fate in Zn-exposed cells [133]. In addition,
although Zn is of limited redox activity, ROS production plays a pivotal role in its pro-ferroptotic effects.
Importantly, there is some evidence that tumor cells are more vulnerable to Zn-induced ferroptosis in
comparison with non-cancer cells, which indicates the prospective for the search for novel Zn-based anti-
cancer drugs. At the same time, Zn-associated ferroptosis induction in cancer therapy might be associated
with adverse effects. Immunogenic effects of Zn-induced ferroptosis [134] should be tightly monitored to
avoid excessive, long-term activation of inflammation that might promote tumor growth instead of boosting
anti-tumor immunity.
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Abbreviations

AA Arachidonic acid

ACSL4 Acyl-CoA synthetase long-chain family member 4
Akt Protein kinase B

AMPK AMP-activated protein kinase

ATF4 Activating transcription factor 4

ATG5 Autophagy protein 5

cAMP Cyclic adenosine monophosphate

cGMP Cyclic guanosine monophosphate

cPLA2 Cytosolic phospholipase A2

CHOP CCAAT-enhancer-binding protein homologous protein
COX2 Cyclooxygenase 2

DMT1 Divalent metal iron transporter-1

elF2a Eukaryotic initiation factor 2 alpha

ERK Extracellular signal-regulated kinase
FPNI1 Ferroportin 1

FTHI1 Ferritin heavy chain 1

FTL Ferritin light chain

GPX4 Glutathione peroxidase 4

GSH Reduced glutathione

HMGBLI High mobility group box 1

HO-1 Heme oxygenase 1

HUVECs Human umbilical vein endothelial cells
IL-2 Interleukin-2

IL-2Ra Interleukin-2 receptor alpha

JNK c-Jun NH,-terminal kinase

LATS1 Large tumor suppressor homolog 1
LPCAT3 Lysophosphatidylcholine acyltransferase 3
mitROS Mitochondrial reactive oxygen species
MT1 Metallothionein 1

NF-kB Nuclear factor kappa-light-chain-enhancer of activated B cells
NLRP3 NLR family pyrin domain containing 3
NOX NADPH oxidase

NPs Nanoparticles

Nrf2 Nuclear factor erythroid 2-related factor 2
PERK Protein kinase RNA-like endoplasmic reticulum kinase
PI3K Phosphoinositide 3-kinase

PLOOH Phospholipid hydroperoxides

RCD Regulated cell death

ROS Reactive oxygen species

SLC7A1l Solute carrier family 7 member 11

SOD Superoxide dismutase

TFR Transferrin receptor

TNFa Tumor necrosis factor alpha

YAP Yes-associated protein
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