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Abstract  Biometals such as iron, copper, zinc, 
manganese, cobalt, and selenium play crucial roles 
in cellular respiration, immunity, apoptosis, and sign-
aling. However, their excessive accumulation can 
induce chronic inflammation, oxidative stress, and 
trigger carcinogenesis. Iron addiction stands out for 
its importance in tumor cell replication and survival. 
Cancer remains one of the leading causes of mor-
tality worldwide. Given the limitations of conven-
tional therapies, new approaches have been explored, 
namely the use of metal chelators, with the aim of 
selectively modulating metal homeostasis in tumor 
cells. Metal chelation represents a promising thera-
peutic approach in the treatment of cancer. Metal 
chelators such as DFO and DFX demonstrate antineo-
plastic activity, although limited by low selectivity 

and systemic toxicity. Thiosemicarbazones, particu-
larly Triapine, have demonstrated anticancer and 
antimetastatic activity in preclinical models, with 
clinical trials currently underway to treat tumors. SK4 
appears to be a promising alternative, with greater 
selectivity for tumor cells, inducing apoptosis, dem-
onstrating superior efficacy and lower toxicity. Its 
efficacy in preclinical models and selective profile 
support the need for clinical validation, potentially 
integrating more targeted, safe, and effective onco-
logical therapy. Thus, the aim of this manuscript is to 
analyze the role of metals in cancer and evaluate the 
therapeutic potential of metal chelators.
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Introduction

Metals have extensive applications in industry, medi-
cine, and agriculture. Exposure to metals can occur 
through several pathways, with emphasis on environ-
mental and occupational exposure, which, when pro-
longed or unregulated, can result in cellular dysfunc-
tion, including carcinogenesis (Abdelaal et  al. 2022; 
Al Osman et al. 2019; Leal et al. 2012, 2016; Souto 
et al. 2025).

Essential metals (or biometals), namely iron, cop-
per, zinc, and manganese, perform biochemical and 
physiological functions in living organisms. For 
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example, iron play vital roles, including its involve-
ment in DNA synthesis resulting from the activa-
tion of the ribonucleotide reductase (RNR) enzyme, 
responsible to produce deoxyribonucleotides, in 
energy metabolism interfering with the functioning 
of the mitochondrial respiratory chain and in antioxi-
dant defense. Insufficient intake of essential metals 
can cause disease or syndromes, but excessive intake 
can cause cellular damage. On the other hand, non-
essential metals (or toxic metals), namely mercury, 
lead, cadmium, chromium, and aluminum perform no 
known biological functions and are known for their 
toxicity, even when present in extremely low concen-
trations. Chronic exposure to non-essential metals 
has been associated with the development of tumors. 
These metals can interfere with the homeostasis of 
essential metals, replacing them in enzyme catalytic 
centers, leading to metabolic and genotoxic dys-
functions. They can also inhibit antioxidant enzyme 
activities, such as catalase and superoxide dismutase 
(SOD), resulting in increased oxidative stress and 
persistent cellular damage, promoting carcinogenesis 
(Abdelaal et al. 2022; Al Osman et al. 2019; Balali-
Mood et  al. 2021; Elia et  al. 2016; Kontoghiorghes 
2022; Leal et al. 2020, 2023a; Pal and Firdous 2024).

Cancer represents a significant challenge to public 
health worldwide, affecting millions of people annu-
ally. Tumor cells exhibit iron addiction, using this 
metal to sustain their high rate of proliferation and 
energy metabolism. This dependence is evidenced by 
the overexpression of proteins related to iron metab-
olism, which facilitates the intracellular accumula-
tion of the metal and promotes tumor progression 
(Abdelaal et al. 2022). In this context, metal chelators 
emerge as a promising strategy. These compounds 
can sequester metal ions essential for tumor cell pro-
liferation, compromising their growth and metastatic 
capacity. Furthermore, modulation of iron and cop-
per homeostasis can inhibit enzymes essential for cell 
growth, such as RNR, and reduce the production of 
free radicals that damage DNA (Coradduzza et  al. 
2024; Leal et al. 2023b, 2025; Yang et al. 2024).

This review aims to understand the influence of 
metals on tumor development and explore the use 
of metal chelators as primary or complementary 
therapies. Therefore, it is important to evaluate the 
molecular mechanisms of metal chelators, available 
preclinical results, safety, efficacy, and impact on 
tumor response. For that, the search was conducted in 

PubMed, ScienceDirect, Web of Science and Google 
Scholar databases, covering the last decade, using 
the keywords "metals", “biometals”, “toxic metals”, 
"metal chelators", “cancer”, and "cancer treatment".

Role of metals in the main molecular pathways 
associated with oncogenesis

Normally, cells can repair changes that occur in 
DNA. However, if this damage is not repaired, it 
will become a mutation. If cells carrying these muta-
tions escape cell cycle checkpoints and are not sent 
into apoptosis, they continue to divide, and their 
mutations are passed on to subsequent generations 
of cells. These isolated mutations, or the accumula-
tion of mutations, lead to the development of cancer 
cells. Cancer is a pathology defined by uncontrolled 
cell proliferation that affects the normal mechanisms 
of cell cycle regulation, apoptosis, and differentia-
tion. These alterations allow cancer cells to prolifer-
ate incessantly, avoid programmed cell death, and 
acquire invasive and metastatic capabilities. Tumor 
variety is a hallmark of cancer, reflecting the genetic 
and phenotypic variability of cells within a single 
tumor. This diversity contributes to heterogeneity in 
treatment response and disease progression (Abdelaal 
et al. 2022).

Cancer development can occur due to sporadic 
genetic changes, inherited genetic alterations (heredi-
tary component) or epigenetic variables, such as 
excess weight, alcohol consumption, exposure to UV 
radiation, and infections. Epigenetic variations refer 
to alterations in DNA that do not involve changes in 
its sequence but affect the activity of one or more 
genes. These changes can influence how genes are 
turned on or off without altering the underlying 
genetic information. Epigenetics plays a crucial role 
in normal development, cellular differentiation, and 
response to environmental factors, enabling special-
ized cells to develop from stem cells. The main mech-
anisms of epigenetic variations involve DNA meth-
ylation, histone modification, chromatin remodeling, 
RNA regulation, genomic imprinting, and post-trans-
lational modifications of regulatory proteins (Bird 
2007; Jones and Baylin 2007). Metals can modify epi-
genetic processes, such as DNA methylation patterns, 
microRNA expression, and chromatin remodulation. 
Such alterations contribute to the dysregulation of 
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oncogenes and the repression of genes responsible for 
tumor suppression, favoring tumor initiation and pro-
gression (Balali-Mood et al. 2021; Manic et al. 2022).

Oncogenesis is driven by alterations in several 
molecular pathways, which confer significant advan-
tages to cancer cells, such as uncontrolled growth, 
resistance to cell death, and the ability to evade the 
immune system. These pathways are often associated 
with iron metabolism and oxidative stress, processes 
essential for cancer cell survival and proliferation 
(Piccolo et  al. 2024). In tumor cells, an increase in 
iron uptake and a decrease in its export are observed, 
leading to intracellular accumulation. This imbalance 
allows cell proliferation and DNA replication, pro-
moting resistance to oxidative stress. Approximately 
2% of human proteins depend on iron, and both iron 
deficiency and excess can compromise essential met-
abolic pathways. Tumor cells develop mechanisms to 
optimize iron uptake, such as overexpression of trans-
ferrin receptor 1 (TfR1) and reduction of ferroportin, 
the protein responsible for iron export. This leads to 
intracellular accumulation of this metal, favoring 
the synthesis of DNA and ATP, molecules essential 
for the accelerated cell division observed in tumors 
(Abdelaal et al. 2022).

p53 pathway and its regulation by iron

Recognized as one of the key regulators of DNA 
damage response, the p53 tumor suppressor gene 
plays a central role in maintaining genomic integrity. 
When functional, p53 induces cell cycle arrest, cel-
lular aging, or apoptosis. However, many tumors pre-
sent mutations in the p53 gene or alterations in the 
regulation of the protein, which compromises its anti-
neoplastic function (Abdelaal et  al. 2022; Xu et  al. 
2023).

Intracellular iron directly influences p53 function 
by increasing oxidative stress and genomic instabil-
ity, indirectly contributing to its dysfunction. One 
of the main mechanisms occurs through the direct 
interaction between heme (an iron complex with pro-
toporphyrin IX) and the central domain of the p53 
protein, which prevents its DNA binding, promoting 
nuclear export and, consequently, protein degrada-
tion. In situations of iron overload, intracellular heme 
levels increase, exacerbating this inhibitory effect. 
This effect has been demonstrated in cellular mod-
els, where excess iron led to a decline in p53 levels 

and suppression of its transcriptional function (Vávra 
et al. 2023).

In addition to interacting with heme, iron contrib-
utes to genomic instability through the Fenton reac-
tion. The ferrous ion (Fe2⁺) reacts with hydrogen 
peroxide (H₂O₂), producing highly reactive hydroxyl 
radicals (•OH) that damage DNA and trigger repair 
responses mediated by proteins such as ataxia-telan-
giectasia and related Rad3 (ATR) and ataxia-telangi-
ectasia mutated (ATM). These proteins activate p53 
by phosphorylation. However, in chronic oxidative 
stress scenarios, this activation may become insuffi-
cient, contributing to mutations and functional inacti-
vation of p53 (Chen et al. 2020).

p53 also plays a role in maintaining iron homeo-
stasis by modulating the expression of genes asso-
ciated with iron uptake, storage, and metabolism. 
Under normal conditions, p53 negatively regulates 
the expression of transferrin and positively regulates 
the expression of genes coding for proteins such as 
ferredoxin reductase (FDXR), the iron-sulfur cluster 
assembly unit (ISCU), and frataxin, which are essen-
tial for mitochondrial iron metabolism and the bio-
genesis of Fe-S clusters. Frataxin is a small mitochon-
drial protein crucial for cellular function, especially 
energy metabolism and iron regulation. Its deficiency 
is directly linked to Friedreich’s ataxia, a progres-
sive genetic disease that affects the nervous system 
and heart. Fe-S clusters are groups of iron and sulfur 
atoms that act as protein cofactors. They are involved 
in electron transfer, enzyme catalysis, nitrogen fixa-
tion, DNA repair, and gene regulation. In tumor cells, 
loss of this regulation leads to mitochondrial dysfunc-
tion and increased intracellular labile iron, which 
exacerbates oxidative stress and favors more aggres-
sive tumor phenotypes (Petronek et  al. 2019; Zhang 
et al. 2022).

The correlation between iron and p53 and cell 
death mechanisms is particularly evident in the con-
text of ferroptosis, an iron-dependent programmed 
cell death distinct from classical apoptosis. Ferropto-
sis is characterized by the accumulation of lipid per-
oxides and occurs independently of traditional cell 
death mechanisms. p53 can inhibit ferroptosis by acti-
vating p21 and maintaining glutathione (GSH) levels 
or, on the other hand, can promote it by repressing 
SLC7A11 gene expression, reducing cystine uptake, 
and limiting the action of the antioxidant enzyme 
glutathione peroxidase 4 (GPX4). SLC7A11 gene 
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encodes the amino acid transport protein, also known 
as xCT, a member of the Xc-system, responsible for 
the import of cystine in exchange for the export of 
glutamate, inducing ferroptosis. This dual role of p53 
in ferroptosis depends heavily on the cellular meta-
bolic context, specific tumor type, and p53 mutational 
status (Liu et al. 2022a).

p53 promotes Fe2⁺ entry by increasing TFR1 gene 
expression via regulation of long non-coding RNA 
(lncRNA) plasmacytoma variant translocation 1 
(PVT1) and enhances mitochondrial iron biogenesis 
by activating SLC25A28 and ferredoxin reductase 
(FDXR), favoring ferroptosis. p53 induces phosphate-
activated glutaminase (GLS2), increasing oxidative 
stress, and stimulates lipid peroxidation by activating 
spermidine/spermine N1-acetyltransferase 1 (SAT1) 
and arachidonic acid 15-lipoxygenases (ALOX15). 
p53 also inhibits dipeptidyl peptidase 4 (DPP4)-
dependent peroxidation by relocating this protein to 
the nucleus and reduces GSH synthesis by repress-
ing cystathionine-β-synthase (CBS) (via ELAVL1 or 
directly) and inhibiting SLC7A11, decreasing GPX4 
activity and lipid peroxide elimination. Conversely, 
p53 can promote p21 expression, increase GSH con-
centration and GPX4 antioxidant activity, limiting 
ferroptosis (Xu et al. 2023).

In general, iron interferes with p53 function 
through direct and indirect mechanisms. Excess iron 
not only degrades p53 but creates a vicious cycle: p53 
degradation increases iron accumulation; excess iron 
leads to oxidative stress, increasing reactive oxygen 
species (ROS) production through the Fenton reac-
tion; increased ROS results in DNA damage and fur-
ther p53 impairment; p53 impairment results in even 
less control over iron. p53 dysfunction, combined 
with iron overload, contributes to neoplastic develop-
ment and tumor progression. The use of iron chelators 
allows modulation of this pathway, partially restor-
ing p53 function and inducing antitumor responses. 
These data support continued research into strategies 
based on metal homeostasis as an innovative thera-
peutic approach in cancer treatment (Abdelaal et  al. 
2022; Xu et al. 2023).

ROS pathway and redox signaling

As mentioned previously, iron is particularly relevant 
due to its ability to induce damage at high concentra-
tions. In its ferrous state (Fe2+), iron is able to interact 

with H₂O₂ through the Fenton reaction, leading to the 
production of ROS, in this case the hydroxyl radical 
(•OH), which can cause DNA damage and genomic 
instability. In cancer cells, redox imbalance derives 
from the genesis of ROS (Arfin et  al. 2021; Balali-
Mood et  al. 2021; Hayashi et  al. 2024; Zhao et  al. 
2023).

Furthermore, lipid peroxidation, induced by the 
presence of iron and ROS, compromises the integ-
rity of cell and mitochondrial membranes. This phe-
nomenon can cause mitochondrial instability and the 
release of cytochrome c into the cytosol, activating 
the programmed cell death cascade. Excess iron can 
also induce ferroptosis (Abdelaal et al. 2022).

ROS play a crucial role in tumor biology, trigger-
ing varied effects depending on their concentration. 
At low concentrations, ROS act as second messen-
gers, stimulating signaling pathways that promote 
cell survival, such as nuclear factor kappa B (NF-
κB), mitogen-activated protein kinase (MAPK), and 
phosphoinositide 3-kinase/protein kinase B (PKB or 
Akt) (PI3K/Akt). At intermediate levels, they pro-
mote drug resistance by increasing cellular efflux. 
High concentrations cause DNA damage, suppress 
repair mechanisms, and activate mitochondrial and 
death receptor-dependent pathways, promoting apop-
tosis. ROS also stimulates autophagy by inhibiting 
the mammalian target of rapamycin (mTOR) and 
inducing genes related to autophagosome formation. 
Meanwhile, tumor cells can adapt to the oxidative 
environment by regulating antioxidant enzymes and 
pro-survival signaling pathways. Therefore, regulat-
ing ROS homeostasis is critical for cancer cells (Ju 
et al. 2024; Li et al. 2023).

The ROS-mediated redox pathway stands out for 
its crucial role in oncogenesis, with elevated levels 
of ROS arising from the exacerbated metabolism of 
iron and oxygen, acting as secondary messengers in 
several signaling pathways with oncogenic potential, 
including PI3K/Akt, MAPK, and NF-κB, resulting in 
the phosphate activation of antiapoptotic proteins and 
favoring tumor proliferation. These pathways acti-
vate regulatory elements that promote cellular main-
tenance, inflammation, and angiogenesis (Li et  al. 
2023).

The PI3K/Akt pathway stimulates nuclear fac-
tor erythroid 2-related factor (Nrf2): when Keap1 
(Kelch protein associated with ECH) undergoes oxi-
dation, Nrf2 migrates to the nucleus, stimulating the 
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expression of genes encoding antioxidant enzymes 
such as SOD, GSH and NADPH quinone oxidoreduc-
tase (NQO1), which contributes to the stabilization of 
the tumor redox microenvironment. Simultaneously, 
the NF-κB pathway is activated by ROS, sustaining 
chronic inflammation, the expression of matrix met-
alloproteinases (MMPs), vascular endothelial growth 
factor (VEGF), and maintenance of telomerase 
reverse transcriptase (TERT), facilitating tumor repli-
cation and dissemination. Furthermore, redox inhibi-
tion of phosphatases such as phosphatase and tensin 
homolog deleted on chromosome 10 (PTEN) and pro-
tein phosphatase 2A (PP2A) reinforces the protumor 
state by persistent activation of the PI3K/Akt/mTOR 
pathway. To ensure their survival, tumors reinforce 
antioxidant systems, such as increased GSH, thiore-
doxin (Trx), SOD1, thioredoxin reductase (TrxR), 
and catalase, all under the control of Nrf2. While this 
response protects tumor cells, it also contributes to 
resistance to therapies such as chemotherapy and tar-
geted therapies (Hayashi et al. 2024; Park et al. 2023; 
Wang et al. 2023a).

Another fundamental characteristic of cancer is 
treatment resistance. Tumor cells can develop mech-
anisms to mitigate the action of therapeutic agents, 
such as chemotherapy and radiotherapy. Notable 
among these mechanisms is modulation of the oxi-
dative stress response, which involves regulating the 
expression of enzymes with antioxidant roles and 
DNA repair systems. Therefore, manipulating ROS 
homeostasis, whether through metal chelators or 
metal complexes, emerges as a promising strategy to 
overcome therapeutic resistance by inducing lethal 
levels of oxidative stress in cancer cells (Balali-Mood 
et al. 2021).

NF‑κB pathway and resistance to apoptosis

The NF-κB pathway plays a central role in chronic 
inflammation and cancer cell resistance to apoptosis. 
Continuous activation of this pathway, mediated by 
ROS and other molecules, leads to the production of 
anti-apoptotic proteins and inflammatory substances, 
creating a microenvironment favorable to tumor pro-
gression and dissemination (Ebrahimi et al. 2024).

Prolonged stimulation of the NF-κB pathway 
favors the maintenance of cell viability by stimulating 
the expression of anti-apoptotic genes, such as those 
encoding the B-cell lymphoma protein 2 (Bcl-2), the 

Bcl extra-long protein (Bcl-xL), and cellular inhibi-
tors of apoptosis proteins (cIAPs), which interfere 
with the intrinsic and extrinsic mechanisms of apop-
tosis. Additionally, NF-κB controls the synthesis of 
pro-inflammatory cytokines, including interleukin-6 
(IL-6) and tumor necrosis factor alpha (TNF-α), 
which reinforce the tumor microenvironment and pro-
mote cancer progression (Cao et  al. 2024; Wu et  al. 
2023).

NF-κB induction is also associated to resistance 
to cancer therapies since it promotes the regulation 
of genes responsible for DNA repair and counteracts 
treatment-induced oxidative stress, thus reducing 
the effectiveness of chemotherapy and radiotherapy. 
This process creates a vicious cycle in which ROS 
production activates the NF-κB pathway, promoting 
cell survival and perpetuating inflammation, hinder-
ing therapeutic success. Recently, specific inhibitors 
of the NF-κB pathway have been designed to reverse 
resistance to apoptosis. These drugs block the tran-
scription of anti-apoptotic genes and tumor inflamma-
tion modulators, improving the response to conven-
tional treatments and offering a promising strategy for 
controlling tumor progression and metastasis (Abdin 
et al. 2021; Cao et al. 2024; Ma et al. 2024; Wu et al. 
2023).

Cell cycle modulation by ribonucleotide reductase 
(RNR)

RNR is a fundamental enzyme for DNA formation 
and is crucial for cell cycle progression, especially in 
the S phase. RNR catalyzes the conversion of ribo-
nucleotides to deoxyribonucleotides, providing the 
building blocks necessary for DNA replication. The 
activity of this enzyme depends on an active metal 
center, which typically contains iron or manganese, 
facilitating the formation of free radicals essential for 
the catalytic reaction (Ruskoski and Boal 2021).

In cancer cells, the RNR enzyme is frequently over-
expressed, namely the M1 (RRM1) and M2 (RRM2) 
subunits of RNR, being associated with accelerated 
cell proliferation and resistance to therapies. Uncon-
trolled tumor growth requires large amounts of new 
DNA, resulting in increased RNR activity (Qin et al. 
2023). Blocking RNR activity, as occurs with iron 
chelating agents, promotes replicative stress, activat-
ing cell cycle regulatory mechanisms, such as the 
G1/S point (checkpoint that regulates migration from 
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the G1 phase to the S phase of the cell cycle) and the 
intra-S point (checkpoint activated throughout the S 
phase of the cell cycle), which blocks cell cycle pro-
gression, leading to programmed cell death or, in 
many cases, functional cellular aging (Abdelaal et al. 
2022; Morales and Xue 2021).

Furthermore, RNR is the target of multiple thera-
peutic strategies, including direct inhibitors such as 
hydroxyurea and agents that alter cellular redox sta-
tus, affecting iron availability and enzyme function. 
Combining these approaches with conventional thera-
pies promises to improve antitumor efficacy and alle-
viate treatment resistance (Li et al. 2023).

Metal chelators as a potential cancer treatment 
strategy

Cancer treatment has evolved significantly, incorpo-
rating both conventional and emerging strategies. 
Conventional approaches, such as radiotherapy and 
chemotherapy, are essential pillars in the treatment 
of various types of cancer. However, the effective-
ness of these therapies is often limited by tumor 
cell resistance and associated adverse effects. Dur-
ing these treatments, the generated ROS can induce 
DNA damage and promote cell apoptosis. However, 
elevated ROS levels can also activate signaling path-
ways that render neoplastic cells resistant, highlight-
ing the need for strategies that modulate oxidative 
stress to improve therapeutic efficacy (Balali-Mood 
et al. 2021).

Among chemotherapeutic agents, the most fre-
quently used include nucleotide analogs, such as 
doxorubicin and cisplatin, which generate ROS, 
resulting in DNA damage and inducing apoptosis. 
Radiotherapy, in turn, uses ionizing radiation to pro-
duce free radicals that fragment tumor DNA, leading 
to cell death. However, persistent activation of signal-
ing pathways such as Nrf2, NF-κB, and PI3K/Akt in 
resistant cells mitigates the cytotoxic effects of these 
treatments, promoting DNA repair, antioxidant pro-
duction, and cell survival (Dai et  al. 2021; Li et  al. 
2024).

One of the factors related to resistance to these 
therapies is the induction of intrinsic antioxidant 
mechanisms, such as overexpression of GSH and 
antioxidant enzymes (SOD, catalase), which neutral-
ize the induced oxidative stress, limiting therapeutic 

damage. Recently, the development of adjuvant 
agents that modulate redox balance, such as Nrf2 
inhibitors or iron chelators, has demonstrated the 
potential to sensitize tumor cells, increasing the effi-
cacy of chemotherapy and radiotherapy (Zhang et al. 
2024).

Biometal chelators

The regulation of metal metabolism, especially iron, 
has gained prominence as a therapeutic approach in 
the fight against cancer. Due to their intense metabolic 
activity and high proliferation rate, tumor cells dem-
onstrate a significant dependence on this metal, mak-
ing them particularly sensitive to its scarcity. In this 
scenario, metal chelators (substances capable of bind-
ing to free metal ions and neutralizing their biological 
function) have been investigated as potential agents 
with antitumor activity. Iron deprivation, promoted by 
chelators, is seen as a selective therapeutic strategy, 
with the potential for lower toxicity compared to con-
ventional treatments. Iron chelation directly interferes 
with the activity of key enzymes, such as RNR, which 
are essential for DNA replication. Inhibition of this 
enzyme can interrupt the cell cycle at critical stages 
and, consequently, promote apoptosis of tumor cells. 
This mechanism is particularly effective in tumor 
cells, which are highly dependent on iron to sustain 
their elevated metabolism (Abdelaal and Veuger 
2021; Abdelaal et al. 2022).

From a functional perspective, metal chelators 
can be classified into two main categories: endog-
enous metal chelators, naturally present in the body 
(such as transferrin or ferritin), which regulate the 
transport and storage of metals, and exogenous metal 
chelators, which are synthetic or natural substances 
administered for therapeutic purposes. Among the 
exogenous metal chelators, agents traditionally used 
to treat diseases associated with iron overload stand 
out, such as deferoxamine (DFO), deferasirox (DFX), 
and deferiprone (DFP), all approved for clinical use 
in pathologies such as thalassemia major and hemo-
chromatosis (Table 1). DFO was the first metal chela-
tor to be explored for antineoplastic purposes. Despite 
its efficacy in sequestering iron, its low bioavailability 
and the need for parenteral administration limited its 
application in oncology. On the other hand, DFX, an 
oral metal chelator with a longer half-life, has shown 
promising results in preclinical models and early 
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clinical studies, particularly in the treatment of leu-
kemias and solid tumors with active iron metabolism 
(Abdelaal and Veuger 2021; Abdelaal et  al. 2022; 
Balali-Mood et al. 2021).

In recent years, new chelators have emerged 
that expand the therapeutic strategy beyond iron, 
encompassing other essential metals with onco-
logical relevance. Thiosemicarbazones such as 

3-aminopyridine-2-carboxaldehyde-thiosemicar-
bazone (Triapine or 3-AP), di-2-pyridylketone-
4,4-dimethyl-3-thiosemicarbazone (Dp44mT), and 
di-2-pyridylketone-4-cyclohexyl-4-methyl-3-thio-
semicarbazone (DpC) form stable complexes with 
iron, copper, and zinc. These compounds inhibit the 
RNR enzyme, blocking DNA synthesis, and promote 
oxidative stress in tumor cells, leading to their death 

Table 1   Biometal chelators with therapeutic relevance

Biometal
chelator

Target metal Mechanism
of action

Clinical/Oncological 
applications

Observations References

Deferoxamine
(DFO)

Iron Sequestration of free 
iron; Inhibition of 
RNR

Thalassemia major; 
Hemochromatosis; 
Experimental use in 
oncology

Parenteral adminis-
tration;

Low bioavailability

Calabrese et al. (2020);
Kontoghiorghes 

(2022);
Morales and Xue 

(2021);
Petronek et al. (2019);
Piccolo et al. (2024);
Rodriguez et al. (2024)

Deferasirox
(DFX)

Iron Iron deprivation;
Indirect inhibition of 

cell proliferation

Leukemias;
Solid tumors; Experi-

mental use

Oral use; Prolonged 
half-life

Calabrese et al. (2020);
Kontoghiorghes 

(2022);
Morales and Xue 

(2021);
Petronek et al. (2019);
Piccolo et al. (2024);
Rodriguez et al. (2024)

3-Aminopyridine-
2-carboxaldehyde-
thiosemicarbazone 
(Triapine)

Iron;
Zinc

Inhibition of RNR;
Blocking of DNA 

synthesis

Solid and hemato-
logic tumors;

Clinical study

Limiting hematologic 
toxicity

Rodriguez et al. (2024)

Di-2-pyridylketone-
4,4-dimethyl-3-thi-
osemicarbazone 
(Dp44mT) /

Di-2-pyridylketone-
4-cyclohexyl-4-me-
thyl-3-thiosemicar-
bazone (DpC)

Iron;
Copper;
Zinc

Inhibition of RNR;
Oxidative stress;
Selective apoptosis

Resistant solid 
cancers;

Multiple tumor line-
ages

Potent activity with 
low hematologic 
toxicity

Abdelaal and Veuger 
(2021);

Abdelaal et al. (2022);
Dharmasivam et al. 

(2022);
Krchniakova et al. 

(2022)

Bis-choline 
tetrathiomolybdate 
(ATN-224)

Copper Inhibition of SOD1 
and COX;

Increased ROS and 
peroxynitrite

Lymphomas;
KRAS-mutant carci-

nomas;
Under study

Synergistic potential 
with MAPK/PI3K 
inhibitors

Aubert et al. (2020);
Babak and Ahn (2021)

N,N,Nʹ,Nʹ-tetrakis-
(2-pyridylmethyl)
ethylenediamine

(TPEN)

Zinc Intracellular zinc 
depletion;

ROS induction

Leukemia (K562 
lineage);

Experimental model

Mendivil-Perez et al. 
(2021);

Yu et al. (2019)

SK4 Iron Apoptosis induc-
tion; Mitochondrial 
metabolism inhibi-
tion

Prostate, ovarian, 
cervical, and triple 
negative breast 
cancer (TNBC) cell 
lines;

Preclinical study

Abdelaal et al. (2022);
Abdelaal et al. (2023)
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(Table 1). Dp44mT demonstrated high in vivo antitu-
mor efficacy, suppressing the growth of several xeno-
grafts at lower doses than those required for Triapine, 
while simultaneously presenting lower hematologic 
toxicity. Thus, Dp44mT has demonstrated superior 
efficacy compared to Triapine in preclinical models. 
The selectivity of these molecules for tumor cells, 
associated with their dual mechanism of action (cyto-
toxic and redox) gives them potential as a targeted 
therapeutic agent (Dharmasivam et  al. 2022; Kang 
et al. 2021; Krchniakova et al. 2022).

DFO and Dp44mT have also demonstrated the 
ability to stabilize p53, increasing its levels by inhib-
iting its interaction with human mouse double minute 
homolog 2 (MDM2), promoting its transcriptional 
activation. Furthermore, some of these compounds 
have shown efficacy even in tumors with p53 gene 
mutations, indicating the possible induction of alter-
native cellular inactivation pathways (Calabrese et al. 
2020; Hino et  al. 2022). DFO scavenges free iron, 
inhibiting vital enzymes such as RNR. In contrast, 
tridentate molecules such as Triapine and Dp44mT 
form redox-active iron-chelating complexes, induc-
ing ROS generation, such as the hydroxyl-radical 
•OH, through the Fenton-like reaction, leading to 
apoptosis in cancer cells. The pro-oxidant effects of 
iron-thiosemicarbazone complexes are very impor-
tant to cytotoxic action.  Dp44mT stands out for its 
low 50% inhibitory concentration (IC₅₀) in the order 
of nanomoles, with antitumor efficacy in xenogeneic 
models using doses between 0.4–0.75 mg/kg/day, sig-
nificantly reducing tumor volumes and overcoming 
resistance, with a controlled toxicity profile (Kang 
et al. 2021).

Triapine has demonstrated anticancer and anti-
metastatic activity in preclinical models, with phase I 
clinical trials (ClinicalTrials.gov ID: NCT06410248; 
NCT04234568) currently underway to treat tumors. 
Recently, new approaches have been explored, such 
as the use of nanomaterials and targeted approaches, 
such as carrier molecules and nanocarriers, that spe-
cifically target the mechanisms of iron utilization 
by tumor cells. Recent studies indicate that certain 
nanomaterials can interfere with iron homeostasis, 
inducing ferroptosis. Such strategies aim to increase 
treatment efficacy, reduce side effects, and pro-
vide more targeted and effective therapies (Li et  al. 
2025; Merlot et  al. 2019). Controlled-release sys-
tems, such as nanomicelles combining Triapine with 

photoactivators, have demonstrated increased ROS 
formation through the Fenton reaction and induction 
of ferroptosis in hepatocellular carcinoma models, 
with more effective antitumor effects. Although still 
in the preclinical phase, these studies offer promising 
prospects for anticancer therapies (Rodriguez et  al. 
2024; Yu et al. 2023).

Among copper chelators, bis-choline tetrathiomo-
lybdate (ATN-224) stands out. It inactivates crucial 
enzymes such as SOD1 and cytochrome c oxidase 
(COX), increasing the levels of reactive species such 
as superoxide and peroxynitrite (Table  1). These 
redox effects induce apoptosis in models of hemato-
logic malignancies and lung carcinoma with Kirsten 
rat sarcoma viral oncogene homologue (KRAS) 
mutations. The metabolic dependence on copper in 
these cells makes them particularly sensitive to this 
approach, especially when combined with MAPK or 
PI3K pathway inhibitors, where therapeutic synergy 
was observed for the suppression of KRAS-mutant 
tumors (Aubert et  al. 2020; Babak and Ahn. 2021; 
Nizami et al. 2023).

N,N,Nʹ,Nʹ-tetrakis-(2-pyridylmethyl)ethylenedi-
amine (TPEN), an intracellular zinc chelator, pro-
moted apoptosis in leukemic cells (K562) through 
the generation of ROS, compromising cellular redox 
balance (Table 1). Although less cited in recent litera-
ture, it remains relevant as a model for studying zinc-
mediated redox regulation. Available data, both pre-
clinical and early clinical, point to promising efficacy 
and acceptable safety profiles. However, the transition 
to clinical practice requires validation in controlled 
trials, which define doses, pharmacokinetics, and 
cumulative toxicity (Mendivil-Perez et  al. 2021; Yu 
et al. 2019).

Among the new agents under investigation for 
metal chelation-based cancer therapy, SK4 has 
emerged as one of the most promising molecules 
(Table  1). It is a synthetic iron chelator developed 
to overcome the pharmacological limitations of con-
ventional metal chelators, such as low selectivity, 
systemic adverse effects, and the need for prolonged 
administration. SK4 has a two-part structure: an iron 
chelation moiety and an amino acid moiety. The iron 
chelation part is derived from a hydroxypyridinone 
and is responsible for binding to ferric iron (Fe3+). 
This part is essential for the molecule’s iron-binding 
and cytotoxic properties. The amino acid part is a 
methylated analogue of L-mimosine that facilitates 
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entry into cells through the L-type amino acid trans-
porter 1 (LAT1). This moiety targets cells that over-
express LAT1, which is common in cancer cells. 
This targeting mechanism via the LAT1 transporter is 
the key feature that distinguishes its selectivity from 
traditional metal chelators like DFO and promotes 
preferential intracellular accumulation of SK4 in 
malignant tissues, increasing therapeutic efficacy and 
minimizing adverse effects in healthy tissues (Abde-
laal et al. 2022, 2023; Kanai 2022).

Iron addiction of cancer cells represents a poten-
tial therapeutic weakness. The mechanism of action 
of SK4 combines multiple strands. First, its ability 
to sequester intracellular iron leads to the inhibition 
of RNR, arresting the cell cycle and inducing tumor 
cell apoptosis. Furthermore, iron depletion interferes 
with the formation of ROS, disrupting the redox bal-
ance necessary for tumor proliferation. Moreover, 
SK4 inhibits pro-survival signaling pathways, such as 
PI3K/Akt (Abdelaal et  al. 2022, 2023; Morales and 
Xue 2021; Wang et al. 2023b).

SK4 demonstrated selective efficacy against sev-
eral tumor cell lines, including breast, colon, and 
prostate cancers, with minimal impact on healthy 
cells, suggesting a favorable therapeutic index. Also, 
different tumor cell lines exhibit varying sensitivity 
to SK4, suggesting that the therapeutic efficacy may 
depend on the specific characteristics of each cancer 
type. This selectivity represents an important advan-
tage over other antineoplastic agents, whose clinical 
use is often limited by systemic toxicity, and appears 
to be associated with the increased iron dependence 
observed in these cells, known as iron addiction, a 
characteristic that makes tumors particularly vulner-
able to iron depletion (Abdelaal et  al. 2022, 2023; 
Wang et al. 2023b).

There is evidence that SK4 may act synergistically 
with other therapies, such as conventional chemother-
apy, enhancing its efficacy. The compound has dem-
onstrated the ability to overcome resistance mecha-
nisms, making it a particularly interesting candidate 
for the treatment of tumors refractory to standard 
therapies. Since the current data are primarily pre-
clinical, continued studies in animal models and, in 
the future in clinical trials will be essential to confirm 
its efficacy, safety, and role in the therapeutic arsenal 
against cancer (Abdelaal et al. 2022, 2023).

Recent research emphasizes metal complexes con-
taining ferrocenes and copper, as they can trigger 

ferroptosis. These complexes work by either inhibit-
ing antioxidant enzymes (such as SOD1, TrxR, and 
catalase), disrupting mitochondria, or increasing ROS 
to a toxic level, which leads to lipid peroxidation and 
the depletion of molecules like NADPH and GSH, 
ultimately causing the death of cancer cells, including 
those resistant to other treatments (Guerreiro et  al. 
2020; Yu et al. 2023).

These advances demonstrate that pharmacologi-
cal metal chelation surpasses simple iron depriva-
tion. Agents targeting copper, zinc, and antioxidant 
enzymes not only modulate redox balance but also 
act as selective enzyme inhibitors in tumor cells. Pre-
clinical evidence indicates that copper manipulation 
interferes with redox and apoptotic pathways (Abde-
laal and Veuger 2021; Hu et al. 2022; Kostova 2024; 
Liu et  al. 2022b; Mendivil-Perez et  al. 2021; Pap-
rocka et al. 2022).

Toxic metal chelating agents

Some toxic metals, such as mercury, cadmium, and 
lead, accumulate in tissues after environmental or 
occupational exposure and can be targeted by chelat-
ing agents. In these cases, removing these metals not 
only reduces their genotoxic and epigenetic effects 
but also improves the immune response and regenera-
tive capacity of the affected tissue, which is particu-
larly relevant in oncological settings associated with 
chronic exposure to metals (Balali-Mood et al. 2021).

The main agents used in lead chelation are dimer-
captosuccinic acid (DMSA, Succimer), which is 
effective orally for lead poisoning, and ethylenedi-
aminetetraacetic acid (EDTA), administered intrave-
nously in more severe cases (Table 2). Succimer has 
shown effectiveness in treating lead poisoning and 
is widely used in clinical settings. Its action is based 
on the formation of water-soluble complexes with 
the metal, facilitating renal excretion. Recent stud-
ies suggest that its combination with antioxidants 
may enhance the reduction of lead-induced oxida-
tive stress, suggesting a complementary therapeutic 
approach with additional metabolic benefits (Balali-
Mood et al. 2021, 2025; Pal and Firdous 2024; Peana 
et al. 2021).

For mercury, 2,3-dimercapto-1-propanesulfonic 
acid (DMPS) has demonstrated efficacy in both inor-
ganic and organic forms, being used preferentially in 
acute poisoning (Table 2). DMSA can also be applied. 
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DMPS, structurally similar to DMSA, but with 
greater aqueous solubility, can be administered orally 
or parenterally and has a good tolerance profile. How-
ever, despite preclinical data and favorable clinical 
cases, its efficacy continues to lack validation through 
controlled and methodologically robust clinical trials, 
which allow for the precise establishment of dosage, 
pharmacokinetics and long-term safety profile. For 
cadmium, despite the lack of an ideal chelator, EDTA 
and D-penicillamine (DPA) have demonstrated some 
efficacy in experimental settings (Table 2). In certain 
clinical situations, the combination with antioxidants 
has shown potential in mitigating the oxidative effects 
induced by these metals. Combining chelation ther-
apy with antioxidant support may offer a dual benefit. 
Beyond facilitating the removal of toxic metals, this 
approach may help restore the activity of endogenous 
tumor-suppressive enzyme systems that were previ-
ously inhibited by metal binding or oxidative disrup-
tion. By alleviating this interference, normal cellu-
lar defense mechanisms can be partially reactivated, 
contributing to improved redox balance and genomic 
stability (Balali-Mood et al. 2021, 2025; Coradduzza 
et  al. 2024; Kurt et  al. 2025; Manic et  al. 2022; Pal 
and Firdous 2024; Peana et al. 2021).

Although initial results are encouraging, the clini-
cal use of metal chelators in oncology is still in the 
experimental phase for most indications. The need for 
more robust clinical trials, optimization of pharma-
cokinetic properties, and evaluation of the long-term 

safety profile are critical aspects for their definitive 
integration into clinical practice (Kontoghiorghes 
2022).

Conclusion

The role of metals in cancer development and pro-
gression has become increasingly recognized, not 
only due to their involvement in mechanisms such 
as oxidative stress, lipid peroxidation, and genomic 
instability, but also due to the profound changes they 
promote in tumor cell metabolism. Iron plays a cen-
tral role in tumor biology, functioning as an essential 
cofactor in pathways of replication, signaling, and cell 
survival. Iron addiction simultaneously constitutes 
a vulnerability that can be therapeutically exploited 
through metal chelation.

Metal chelators, initially used to treat patholo-
gies associated with metal overload, have demon-
strated potential as antineoplastic agents by inter-
fering with cellular processes essential for tumor 
survival. Among the best-known agents, such as DFO 
or DFX, significant clinical limitations have been 
observed, namely low selectivity, systemic toxic-
ity, and unfavorable pharmacokinetic properties. In 
this context, SK4 emerges as a new-generation com-
pound designed to overcome these obstacles, offering 
greater selectivity for tumor cells, action on multiple 
signaling pathways, and the ability to more effectively 

Table 2   Toxic metal chelating agents with therapeutic relevance

Toxic metal
chelating agent

Target metal Mechanism
of action

Clinical/Oncological 
applications

Observations References

Dimercaptosuccinic 
acid

(DMSA, Succimer)

Lead;
Mercury

Formation of water-
soluble complexes;

Renal excretion

Lead and mercury 
poisoning;

Established clinical 
use

Oral use;
Often associated with 

antioxidants

Balali-Mood et al. 
(2025); Peana et al. 
(2021)

2,3-Dimercapto-
1-propanesulfonic 
acid

(DMPS)

Mercury;
Lead

Complexation and 
excretion of toxic 
metals

Mercury poisoning 
(acute);

Less commonly used 
in lead

High aqueous solubil-
ity;

Oral and parenteral 
use

Balali-Mood et al. 
(2025);

Kurt et al. (2025)

Ethylenediaminetet-
raacetic acid

(EDTA)

Lead;
Cadmium

Ionic complexation 
with toxic metals

Severe lead poison-
ing;

Experimental use in 
cadmium

Intravenous adminis-
tration;

Renal effects

Manic et al. (2022);
Peana et al. (2021)

D-Penicillamine
(DPA)

Cadmium;
Copper

Thiolated chelator;
Promotes urinary 

excretion

Wilson’s disease;
Cadmium poisoning
(Experimental)

Allergenic potential; 
Limited use

Coradduzza et al. 
(2024)

Pal and Firdous (2024)
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induce apoptosis. Although current data on SK4 are 
still preclinical, the results obtained reveal a promis-
ing profile, with high selective cytotoxic activity and 
potential synergism with conventional therapies. This 
approach represents a significant advance in oncolog-
ical therapy based on the modulation of iron metab-
olism, paving the way for the development of more 
targeted strategies with lower toxicity and greater 
efficacy.

Thus, the use of metal chelators, with particular 
emphasis on innovative compounds such as SK4, may 
become a relevant therapeutic tool in the treatment 
of various types of tumors. Validation of these com-
pounds in clinical trials will be crucial for their future 
integration into the oncological arsenal, potentially 
contributing to more personalized, effective, and safe 
medicine.
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