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The role of iron homeostasis  
and iron-mediated ROS in cancer

Jia-Fu Ying1,2,3, Ze-Bei Lu4, Luo-Qin Fu2, Yu Tong2, Zhen Wang1, Wei-Fen Li3, Xiao-Zhou Mou1,2

1Key Laboratory of Tumor Molecular Diagnosis and Individualized Medicine of Zhejiang Province, Zhejiang 
Provincial People’s Hospital, Affiliated People’s Hospital, Hangzhou Medical College, Hangzhou 310014, Zhejiang 
Province, P. R. China; 2Clinical Research Institute, Zhejiang Provincial People’s Hospital, Affiliated People’s 
Hospital, Hangzhou Medical College, Hangzhou 310014, Zhejiang Province, P. R. China; 3Key Laboratory of 
Molecular Animal Nutrition of The Ministry of Education, Institute of Feed Science, College of Animal Sciences, 
Zhejiang University, Hangzhou 310058, Zhejiang Province, P. R. China; 4Rehabilitation & Sports Medicine 
Research Institute of Zhejiang Province, Zhejiang Provincial People’s Hospital, Affiliated People’s Hospital, 
Hangzhou Medical College, Hangzhou 310014, P. R. China

Received November 18, 2020; Accepted March 1, 2021; Epub May 15, 2021; Published May 30, 2021

Abstract: As an important trace element, iron plays an essential role in many biology processes like cell prolifera-
tion, metabolism, and mitochondrial function. However, the disruption of iron homeostasis tends to cells death and 
human diseases due to it servers as mediator to promote the production of reactive oxygen species (ROS). In this 
review, first we introduced the mechanism of complex iron-mediated ROS involved in apoptosis, necroptosis, fer-
roptosis and pyroptosis. Next, we discussed the controversial role of excess iron and iron deficiency in tumor. Finally, 
we discussed the anti-cancer effects of iron on both sides, and novel iron-related strategies. This review outlined the 
mechanisms and regulation of iron homeostasis and iron-mediated ROS in tumors, and discussed the iron-related 
treatments.
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Iron and cancer

Elemental iron is one of the most plentiful and 
widely used metal on Earth [1]. It is essential 
for proper functioning of biological systems in 
most eukaryotes, is distributed throughout the 
human body and is concentrated in the liver, 
spleen, and lungs [2]. Iron is also an important 
component of some complex proteins, such as 
in hemoglobin, myoglobin, heme enzymes, and 
nonheme compounds, which facilitates the 
transport and exchange of oxygen in the blood, 
and involves in electron transfer and other 
redox reactions [3]. It is crucial for cellular met-
abolic activity, including proliferation, metabo-
lism, and growth [4]. Because iron and its relat-
ed compounds can be oxidized or reduced, they 
would participate in reactions with free radi-
cals. Generation of free radicals is concerning 
as they can interact cellular proteins and lipids, 
impair their function and cause DNA strand 
damage, ultimately resulting in cellular dysfun- 
ction or mutations [5-7]. In particular, lipid dys-

function can promote the iron-dependent dea- 
th, ferroptosis, which is distinct from apoptosis, 
necrosis, and autophagy [8, 9]. Because of per-
manent impacts on redox reactions and its role 
in cellular proliferation, iron has been consis-
tently considered as a carcinogen [10, 11]. 
Simply, as an essential and potentially toxic ele-
ment in all mammals, the regulation of iron 
import, storage, and export in body fluids influ-
ence body health.

The dysregulation of iron homeostasis is com-
mon in malignant cancer, specifically, for cellu-
lar metabolism, and it seems that iron accumu-
lation impels a risk of tumor [12]. Speculatively, 
cancer cells may have a sophisticated mecha-
nism for acquiring, transporting, and storaging 
iron. Iron-related proteins such as transferrin 
receptor 1 (TFR1), can bind iron-bound transfer-
rin, has a high abundance in cancer patients 
suggesting cancerous cells have a greater iron 
demand when compared with normal cells [13-
16]. Due to the ferroportin (FPN) is the only pro-

http://www.ajcr.us


Iron in cancer

1896 Am J Cancer Res 2021;11(5):1895-1912

tein directly functions in export iron, a number 
of studies have suggested that abundances of 
FPN are significantly lesser in tumorous cells, 
especially for breast cancer [17-20]. Further- 
more, the stability of FPN is maintained via hep-
cidin, which directly interacts with FPN and 
induces release of iron into extracellular fluid 
[21], and the increased abundance of hepcidin 
in serum have been observed in various tumors 
[22]. Cancerous cells produce hepcidin inside 
the cell, and this can lead to the degradation of 
FPN, and leading to elevated concentrations of 
iron in cells [23-25]. Therefore, abundance of 
FPN and hepcidin may be used as potential pre-
dictors of some cancers. Divalent metal trans-
porter-1 (DMT1) as the transporter intercellular 
endosomal membrane has reported be respon-
sible for iron accumulation in colorectal can- 
cer [26]. Consequently, the abundance of iron-
related proteins influence cellular iron and the 
processes of cellular division, growth, and sur-
vival [27]. 

Carcinogenesis of iron was first studied in 
1959, they built a sarcoma model in rats intra-
muscularly injected with iron, suggesting iron 
contributed to tumorigenesis [28]. Similarly, ex- 
cessive dietary iron or direct injection of iron 
may produce excess reactive oxygen species 
(ROS) and contribute to greater risks of devel-
oping cancer [29]. A number of studies have 
demonstrated that high levels of iron and ferri-
tin increase risks of developing some solid 
tumors [30-32]. Mechanically, the tumorigenic-
ity of excess iron could directly inhibited the 
degradation of p53 signaling, which provides 
an insight for iron-based therapy, instead, other 
researchers found that Fe2+ inhibited granulosa 
cells proliferation through ROS-mediated p38- 
MAPK/p53/p21 pathway [33, 34]. Besides, 
iron would combine with cyclin-dependent 
kinases 1 (CDK1) to upregulate the expression 
of IL-6 receptor subunit GP130 through phos-
phorylation of 4E-BP1, which promotes the tu- 
morigenicity by activating the JAK/STAT3 path-
way [35]. What’s more, p53 inhibits cystine into 
the tumor cells and suppresses the expression 
of solute carrier family 7 member 11 (SLC7A11) 
sensitizes cells to ferroptosis [36]. The main 
pathway of iron in cancer cells are presented in 
Figure 1. In contrast, the study from Jian et al. 
had found that excess iron improved the sur-
vival time and reduced tumor recurrence in 
younger patients, whereas the opposite results 
were observed in older patients [37]. In- 
terestingly, Cross et al. observed that 21 male 

volunteers with diets high in red meat, indicat-
ed higher iron consumption, had a higher 
chance of developing tumors in a number of 
organs, but no promotion for carcinogenesis 
was observed in inorganic iron group [38, 39]. 
Although evidence exists to suggest iron is  
a precancerous substance, few studies have 
been published recently. Considering the com-
plex role of iron in tumor formation, metastasis 
and cell survival, a better understanding of the 
mechanisms and related regulations of iron in 
the body are warranted. 

The catalysis of ROS induced by iron

Iron is involved in a number of cellular meta-
bolic processes, the imbalance of iron homeo-
stasis can directly or indirectly lead to genera-
tion of ROS, and induce cell damage or death 
[40, 41]. Iron is an important component of 
ROS-generated enzymes such as those in- 
volved in the electron transport chain, nicotin-
amide adenine dinucleotide phosphate hydride 
(NADPH) oxidase, P450 enzymes, lipoxygenas-
es (LOX), and xanthine oxidase. ROS-related 
enzymes are mainly Fe-S protein containing 
such as heme, can generate soluble ROS, 
namely the superoxide radicals (O2

.-

), hydrogen 
peroxides (H2O2), and hydroxyl radicals (HO. ) or 
lipid ROS such as lipid peroxyl radicals (LO. ), 
and lipid peroxides (LOOH) [42, 43]. Overall, for-
mation of ROS is closely related to iron through-
out the body [42, 44]. 

The process of ROS formation can be divided 
into two general mechanisms. Oxygen is firstly 
converts into superoxide radicals by ROS-ge- 
nerated enzymes, and then reduces into hydro-
gen peroxide by superoxide dismutase (SOD). 
Then the hydrogen peroxide can be converted 
into water by glutathione peroxidase (GPX), or 
react with Fe-S proteins or heme to generate 
ferrous ion. The ferrous ions and total cellular 
liable iron (<20 μM) can also impel to produce 
ROS via Fenton reactions [45, 46]. Highly reac-
tive hydroxyl peroxyl radicals were produced by 
a Fenton reaction are more destructive to cells 
and promote the DNA strand breaks, damage 
proteins and lipids via peroxidation, they also in 
turn to induce mutagenesis or inhibit cancer 
suppressors [29, 43]. Subsequently, hydroxyl 
peroxyl radicals can react with lipids and O2 to 
form into the lipid ROS or lipid peroxyl radicals. 
As a result, the free iron ion and highly reactive 
free radicals in cells can be carried out via the 
Fenton reaction, and then exert cytotoxicity by 
destroying a variety of biomolecules. 
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In addition, oxygen can react with lipids to 
release LOOH under the catalysis of LOX, fol-
lowed by conversion to LOH via GPX4, or LOOH 
can undergo a Fenton reaction to produce lipid 
peroxyl radicals. Ferrous ion and labile iron can 
be converted into ferric ions via lipid peroxides 
and hydrogen peroxides [43] (Figure 2). The 
intracellular labile iron pool and iron-related 

proteins react with the H2O2, superoxide radi-
cals or LOOH can directly produce higher reac-
tive radicals via Fenton reactions, whereas indi-
rect production of ROS via catalysis of iron-con-
taining proteins requires a series of biological 
reactions. Interestingly, cancerous cells have 
increased abundances of iron and ROS but are 
able to maintain intracellular ROS homeostasis 
and evade death [47]. Regardless, ROS is 
important to the proper functioning of cells as it 
is involved in the signaling processes of cell 
proliferation, immunoregulation, autophagy, 
inflammation and stress-related responses, 

Figure 1. The schematic diagram of some iron-related pathway in cancer cells. The excess iron would impact the 
degradation of p53, then promote the tumorigenicity; iron binds the protein CDK1 activate 4E-BP1, then lead to 
translation of GP130 via JAK/STAT3 pathway; Fe2+ produce ROS in cancer cells which inhibits the proliferation of 
cells trough p53/p21/p38 MAPK pathway; p53 could also inhibit the uptake of cystine to repress expression of 
SLC7A11, and then promote the ferroptosis in cancer cells. 
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while the excessive ROS leads to oxidative 
stress and loss of metabolic function, sup-
pressing normal cellular growth and can direct-
ly lead to cell death by directly damaging essen-
tial proteins, DNA or lipids, or lead to develop-
ment of a range of diseases including inflam-
mation and cancer [48]. Recent studies have 
demonstrated that ROS plays a complicated 
role in cells, as it is a mediator of some proteins 
which induce cell death [42, 49, 50].

Because ROS is involved in a number of cell sig-
naling pathways, such as suppressing signaling 
proteins related to cell senescence and death, 
activating apoptotic signaling pathways, and 
initiation of necroptosis [51-53]. In addtion, 
iron plays an important role in ROS production, 
iron-mediated ROS might contribute to various 
types of cell death including apoptosis and 
necrosis, including the ferroptosis and pyropto-
sis, the former is a type of programmed death 
with the properties of iron-dependent and lipid-
oxidative, and the latter can be induced by iron-
mediated ROS and dependent on formation of 
plasma membrane pores of the gasdermin 
(GSDM) protein family, often due to caspase 
activation [53, 54]. 

Regulation of apoptosis by iron-mediated ROS 

Apoptosis is characterized by a series of cellu-
lar changes including cell shrinkage, loss of 
adhesion, bubble formation, fragmentation of 
organelles and DNA degradation [55]. Apoptos- 
is initiation can divided into an intrinsic and 
extrinsic pathway [53]. Generally, apoptosis is 
initiated by mitochondrial outer membrane per-
meabilization (MOMP) [56], where increased 
extracellular iron leads to increased concentra-
tions of intracellular labile iron pools which pro-
mote MOMP and production of intracellular 
ROS. Iron-mediated ROS production can lead  
to intrinsic apoptosis via two pathways. Cardio- 
lipins present on the mitochondrial outer mem-
brane, can be oxidized by ROS, and cytochrome 
c released via Bak/Bax during MOMP can acti-
vate caspase-9/3 resulting in apoptosis [57, 
58]. In addition, ROS can depolymerize thiore-
doxin-apoptosis signal-regulating kinase 1 pro-
tein compound (Trx-ASK1) in the cytoplasm and 
dissociate ASK1 from an apoptotic signaling 
protein, ASK1 then mediates c-Jun N-terminal 
kinase (JNK)/p38 pathway to induce apoptosis 
[59-61]. In contrast, the extrinsic apoptotic pa- 

Figure 2. The process of ROS formation. Oxygen converts into superoxide radicals under the ROS-generated en-
zymes, and then consume hydrogen peroxide by superoxide dismutase (SOD). Hydrogen peroxide could be convert-
ed into water by glutathione peroxidase (GPX) instead of self-damage, or it can react with Fe-S proteins or heme to 
generate ferrous ion. Highly reactive hydroxyl peroxyl radicals produced by a Fenton reaction are destructive to cells. 
Besides, oxygen could produce LOOH company with the lipid in LOX, followed by converted into the LOH via GPX4, or 
LOOH can undergo a Fenton reaction to produce lipid peroxyl radicals. Ferrous ion and labile iron can be converted 
into ferric ions via lipid peroxides and hydrogen peroxides.



Iron in cancer

1899 Am J Cancer Res 2021;11(5):1895-1912

thway is initiated by Fas ligand (FasL) binding to 
Fas on the cell membrane, which is an apopto-
sis receptor that mediates production of apop-
tosis. Under high iron levels, serine and argi-
nine-rich splicing factor 7 (SRSF7) is inhibited, 
thus impeding splicing and translation of Fas 
pre-mRNA into soluble Fas which is an anti-
apoptotic form. Therefore suppression of solu-
ble Fas promotes cellular apoptosis via activa-
tion of caspase-8 [53, 62, 63].

Regulation of necroptosis by iron-mediated 
ROS 

Necroptosis is a form of programmed necrosis, 
nonapoptotic cell death, which is triggered by 
death signaling stimuli such as ROS, tumor 
necrosis factor α (TNF-α), FasL and other stim-
uli [64, 65]. Necroptosis is considered a cellu-
lar defensive mechanism against external pa- 
thogens or damage, which results in a cell 
undergoing self-destruction [65]. Because iron 
regulates ROS and Fas, necroptosis is closely 
related to iron. Similarly, although necroptosis 
is nonapoptotic cell death, it can also undergo 
extrinsic apoptosis [66]. In addition to the steps 
of extrinsic apoptosis described above, iron is 
involved in other necroptotic pathways. Ferritin 
heavy chain (FTH) is an important modulator of 
cellular necroptosis which is induced by TNF-α 
[67]. FTH can transform toxic labile iron in cells 
into non-toxic iron (Fe3+) [68], while TNF-α can 
increase the concentration of the iron pool and 
subsequent accumulation of ROS, thus it has 
been suggested that FTH might prevent necr- 
optosis induced by TNF-α. In addition, studies 
have shown that TNF-α induced necroptosis is 
blocked by FTH through the JNK pathway, how-
ever contrasting results have been observed as 
one JNK phenotype, JNK1, promotes ROS accu-
mulation, which suggests that the underlying 
mechanism of JNK on TNF-α induced necropto-
sis remains unclear [69, 70]. Besides, other 
studies have suggested that autocrine TNF-α 
binds to TNF-α receptor (TNFR), which couples 
with riboflavin kinase (RFK) to mediate activa-
tion of NADPH oxidase 1 (NOX1), which incorpo-
rates iron. Activated NOX1 can induce necrop-
tosis by activating the JNK pathway [71, 72]. It 
is worth mentioning that heme can also partici-
pate in the process of necroptosis in macro-
phages, whereby free extracellular heme can 
enter the cell via Toll-like receptor 4 (TLR4)  
and result in TNF-α production [73], ultimately 

resulting in necroptosis. Intracellular heme is 
degraded into toxic labile iron under catalysis 
by HMOX1, which in turn generates ROS and 
activates JNK, inducing necroptosis [74, 75]. 

Regulation of ferroptosis by iron-mediated ROS 

Ferroptosis is a type of cell death that was 
recently discovered to be iron-dependent in 
certain cell types and differs from apoptosis, 
necrosis and autophagy as it results in lipid 
ROS formation [8, 76]. Similar to the other ty- 
pes of programmed cell death, ROS and labile 
iron are important in ferroptosis. It has been 
demonstrated that ferroptosis can be rescued 
following treatment with the lipid antioxidants 
Trolox, ferrostatin-1 or vitamin E [8]. Intere- 
stingly, many factors could induce the ferropto-
sis. The ferroptosis inducers, artemisinin and 
iron, can be used to effectively promote ferrop-
tosis, whereas their combination usually does 
not cause ferroptosis, but apoptosis [77, 78]. 
One study has seggested that the sufficient 
amount of iron is the initiator of ferroptosis, and 
iron chelator deferoxamine can be useful to 
hamper the ferroptosis [8]. In brief, iron does a 
matter for promoting the ferroptosis through 
direct and indirect effects mainly via lipid ROS. 

The main process of ferroptosis can be as fol-
lows, nuclear receptor coactivator 4 (NCOA4) 
specifically binds ferritin to form ferritinophagy, 
followed by release of free iron, thereby increas-
ing the content of cellular labile iron and lead-
ing to direct production of lipid ROS [79]. In 
addition, ferroptosis can be initiated by peroxi-
dation via reaction of arachidonoyl (AR) and 
then conversion to AR-CoA via acyl-CoA syn- 
thetase long-chain family 4 (ACSL4) catalysis. 
Next, AR-CoA is converted to AR-PE by lyso-
phosphatidylcholine acyltransferase 3 (LPCA- 
T3) and finally conversion to AR-LOOH-PE via 
LOXs [80-83]. After generation of lipid ROS, it 
can react with cellular membranes, change the 
permeability of the membrane, reduce thick-
ness and sensitivity to oxides, eventually lead 
to cellular membrane to rupture and finally 
induce the ferroptosis [84].

In general, ferroptosis is tightly regulated by 
intracellular signaling pathways, including iron 
homeostasis regulatory pathways, RAS path-
ways, and cystine transport pathways. Ferrop- 
tosis is caused by the inactivated of glutathi-
one peroxidase (GPX4), an enzyme for mem-
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brane lipid repairing, results in the accumula-
tion of ROS on membrane lipids by the reaction 
of Fenton, which requires the participation of 
iron [85], thus the iron-mediated ROS plays an 
important role in ferroptosis. Ferroptosis can 
also be caused by a variety of substances and 
other pathways. Small molecule erastin inhibits 
cystine-glutamate exchange on plasma mem-
brane, which reduces the acquisition of cystine 
by cells, thus impeding the synthesis of gluta-
thione, the substrate of GPX4, and eventually 
triggering the accumulation of membrane lipid 
ROS and ferroptosis, in addition, another small 
molecule, RSL3, which acts as an inhibitor of 
GPX4, also causes ferroptosis [86]. Thus, the 
lipid ROS and iron play an important role in fer-
roptosis, however the exact mechanisms and 
relations among lipid ROS, iron and ferroptosis 
remain unknown [87, 88]. 

Regulation of pyroptosis by iron-mediated ROS 

Pyroptosis, a type of programmed cell death, is 
dependent on formation of plasma membrane 
pores by the GSDM family, including GSDMA, 
GSDMB GSDMC, GSDMD, and GSDME. The 
ability of GSDMD and GSDME to induce pyrop-
tosis has been well studied and consists of 
breaking up inflammatory caspases and apop-
totic caspases respectively [54, 89]. Induce- 
ment of pyroptosis had been observed in mela-
noma cells by iron-mediated ROS [90]. In this 
study, carbonyl cyanide m-chlorophenyl hydra-
zine (CCCP) was used to initiate formation of 
iron-mediated ROS via interaction with exoge-
nous iron in melanoma cancer cells which initi-
ated mitochondrial outer membrane protein 
Tom20 oxidation, recruitment of BAX and in- 
ducement of cytochrome c release, thereby 
activating cas3/9 cleavage of the GSDM and 
subsequent formation of pores in the cell mem-
brane leading to pyroptosis [90, 91].

Controversial effect of iron in tumors

Due to the participation of iron in redox pro-
cesses, iron directly participates in Fenton 
reactions to produce ROS, and can be incorpo-
rated into proteins involved in cellular metabo-
lism [92]. Iron involves in a number of impor-
tant biological processes and any imbalance in 
its storage, transfer or efflux can negatively 
affect the health of cells [93]. It is well known 
that excess iron plays an important role in 
tumorigenesis, diabetes and coronary heart 

disease, in contrast iron deficiency, in healthy 
organisms, can lead to anemia and other more 
serious diseases such as cancer [41, 93-96]. 

Excess iron and carcinogenesis 

Generally, total body iron loads greater than 5 g 
are classified as an iron overload [97]. As previ-
ously demonstrated, excess iron can lead to 
production of ROS, thereby increasing risks of 
developing cancer [10]. Iron intake can be 
divided into nonheme (90%) and heme (10%) 
iron, where iron derived from meat sources is 
mostly present as heme iron, and vegetables 
have high levels of nonheme iron [98]. Results 
of previous studies have demonstrated that 
intake of red meat or processed meat can 
increase risks of developing colorectal cancer 
when compared to white meat, whereas inges-
tion of white meat with equal amounts of 
excess iron (as red meat) does not increase 
risks of developing a number of forms of cancer 
but reduces it. It has been also suggested that 
the high content of heme iron in red meat con-
tributes to the increased risk of developing 
colorectal cancer [39, 99]. Interestingly, the 
role of inorganic iron in non-heme tumorigene-
sis remains controversial. Sesink et al. observ- 
ed that equimolar amounts of inorganic iron in 
the diet increased colonic epithelial prolifera-
tion and fecal toxicity, whereas heme or proto-
porphyrin did not. In addition, some studies 
have observed that excess inorganic iron in the 
diet promotes tumorigenesis in mice, but not 
sufficiently to achieve tumor formation [39, 
100, 101]. Furthermore, Cross et al., confirmed 
that the main cause of heme-derived carcino-
genesis is due to an increase in the body’s 
nitrosation following heme intake which can 
induce tumorigenesis in a number of organs 
[38]. As more studies have observed that he- 
me iron promotes production of nitrosation in 
the body and increased accumulation of lipid 
peroxides, it has been recognized that this 
leads to promotion of tumor development 
[102-106].

Iron deficiency and carcinogenesis 

Iron deficiency is a public health issue and has 
come to the forefront as the most common 
nutritional deficiency globally. Iron deficiency is 
a cause of anemia, it has been estimated th- 
at over 35% of the global population exhibits 
some symptoms of iron deficiency and over 
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50% of pregnant women [107]. Recent studies 
have found that iron deficiency can lead to 
other more serious negative impacts. Results 
of a nationwide population-based study sug-
gested that patients presenting with iron-defi-
ciency based anemia have a higher risk of de- 
veloping gastrointestinal cancer and it might  
be related to compromised immune activity 
[108]. Similarly, Dallman observed that pati- 
ents presenting with iron deficiency had abnor-
mal cell-mediated immunity responses [109]. It 
has confirmed that iron deficiency impacts the 
body’s antioxidant capacity, which in turn im- 
pacts the body’s ability to control oxidative st- 
ress, damages mitochondrial functioning, and 
ultimately affects cell metabolism [110]. Indivi- 
duals with low iron intake or low body iron 
reserves have an increased risk of developing 
gastrointestinal tumors, and other in vivo data 
derived from rodent cancer models suggested 
early progression of gastrointestinal tumors 
during iron deficiency [111]. Other studies have 
investigated a link between iron deficiency and 
gastric cancer [112, 113]. For example, some 
studies have shown that the occurrence of 
some precancerous lesions are most likely a 
result of iron deficiency [112, 114]. Plummer-
Vinson syndrome (PVS) is a condition charac-
terized by iron deficiency based anemia, upper 
airway stenosis, and ceramic dysphasia, and 
seems to be related to gastric and esophageal 
carcinoma [115]. It has been speculated that 
the role of PVS in carcinogenesis was caused 
by iron deficiency [116]. The research team of 
Richie found that mild iron deficiency and low 
glutathione levels contributed to elevated lev-
els of oxidative stress and an increased risk of 
oral cancer [117]. Besides, some researchers 
have demonstrated, used a mouse model, that 
an iron-deficient diet can lead to stability of 
hypoxia-inducible factor-α (HIF-α), which plays 
an important role in breast cancer malignancy 
and invasiveness [118]. Overall, the relation 
between iron deficiency and carcinogenesis 
has been extensively studied and it is recog-
nized that iron deficiency can lead to increased 
oxidative stress, impact immune functioning 
and alter cellular oxidative metabolic con- 
ditions.

Role of double-sided iron in tumor treatment

Iron plays a vital role in mammalian cells in- 
cluding cellular growth and proliferation, and 
catalyzes production of ROS by cells, which is 

essential for normal physiological functioning 
of cells [119]. Cancerous cells require greater 
amounts of iron for proliferation when com-
pared to normal cells [31, 120, 121]. In this 
regard, tumor cells produce greater amounts of 
ROS when compared to normal cells and thus 
exert greater energy in maintaining ROS ho- 
meostasis, therefore the sensitivity of cancer 
cells to ROS might present an opportunity for 
suppressing tumor growth [96, 122]. In fact, 
tumor cells accumulate mutations throughout 
tumorigenesis as they evolve from a precancer-
ous to cancerous state, ROS plays an impor- 
tant and varying role throughout this process 
depending on the stage of development [123]. 
For example, ROS can promote cell growth and 
proliferation, while slightly higher concentration 
of ROS can induce apoptosis or differentiation, 
and even higher concentration might cause ini-
tiation of necrosis [124]. Recently, oxidative 
therapy has been applied in the treatment of 
tumors with the aim of increasing production of 
ROS in mitochondria of tumor cells or inhibit 
their antioxidant capacity [122, 125]. It is evi-
dent that imbalance of cellular ROS and iron 
can lead to development of cancerous cells or 
initiation of cell death processes. However, it 
remains unclear if changes in the abundance  
of intracellular iron or ROS can be used to treat 
certain types of cancer. 

Excess iron therapy 

Tumor cells require additional iron and produce 
greater amounts of ROS, therefore strategies  
to negate development of tumors might focus 
on concentrations of intracellular iron or ROS. 
For example, one study observed that the iron 
complex ferric-sorbitol-citrate (FSC) can inhibit 
proliferation of a variety of tumor cells, includ-
ing B16, KB, HeLa, and GHC cells, in vivo and in 
vitro, however no effect was observed in HBS 
or Vero cells. Interestingly, the same team dem-
onstrated that ferrocene analogs can be used 
to inhibit a range of malignancies including in 
the HepG2 and B16-F10 tumor cell lines, but 
did not inhibit fibroblasts in human HEF or mice 
L929 cells. Similarly, it was found that FSC can 
reduce expression of Bcl-2 and mp53 proto-
oncogenes in CaCo2 cells and inhibit prolifera-
tion of malignant tumor cells by inducing apop-
tosis [126, 127]. These iron-related substanc-
es increase the abundance of intracellular 
labile iron pool in tumor cells leading to accu-
mulation of ROS, and inhibition of cell growth 
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and in some cases apoptosis. As stated above, 
ferroptosis is a recently identified type of pro-
grammed cell death that is characterized by 
iron-dependent or iron-mediated ROS produc-
tion. Shenglin Fang et al. demonstrated that 
excess cellular iron caused by ferric ammoni- 
um citrate (FAC) and Ferric 8-hydroxyquinoline 
complexes can induce HT1080 fibrosarcoma 
cell ferroptosis and induce AML12 cell parthan-
atos partially activating polymerase-1 [128]. 
Qiao Wu et al. identified iron-mediated ROS as 
a causative factor driving GSDME-dependent 
pyroptosis, interestingly, they demonstrated th- 
at supplementing iron-deficient patients with 
iron can result in clinically significant ROS-in- 
duced antitumor effects via pyroptosis and in- 
hibit xenograft tumor growth or melanoma cell 
metastasis [90]. Kiessling et al. reported that 
ferritin heavy chain is down-regulated via dis-
ruption of the NF-κB pathway in cutaneous 
T-cell lymphoma cells, resulting in increased 
concentrations of intracellular iron and produc-
tion of greater amounts of ROS in cells resulting 
in cell death [129]. However, no effect was 
observed with the same treatment in isolated 
primary T cells [129]. And when compared to 
traditional iron replacement therapies, iron 
oxide nanoparticles might have a number of 
advantages in prevention of tumors. For exam-
ple, inherent magnetic properties of iron oxide 
nanoparticles might aid in gene delivery and 
cell sheet formation to promote angiogenesis, 
and nanoparticles can be tracked using mag-
netic resonance imaging [130, 131]. However, 
magnetic nanoparticles have been observed 
as non-toxic in vitro but to selectively kill cer-
tain tumor types in vivo [132]. Intracellular iron-
dependent cell death is influenced by the rate 
of iron accumulation and formation of iron com-
plexes which can selectively kill tumor cells.

Iron removal therapy 

Tumor cells require higher abundances of iron 
to facilitate proliferation and DNA synthesis 
[133, 134], therefore selective removal of iron 
might be an effective treatment method [135-
137]. Iron chelators eliminate iron from cells by 
binding iron with high affinity, and has been 
demonstrated to inhibit aggressive prolifera-
tion of tumors such as neuroblastoma and 
breast cancer cells in rodent models and pa- 
tients [138-140]. It has been confirmed in some 
preclinical studies that some iron chelators  
are structurally and pharmacologically different 

and can be defined as antitumor drugs which 
effectively resist tumor growth by chelating iron 
[20, 141]. The drugs deferoxamine (DFO), defer-
iprone (DFP), and deferasirox (DFX), have been 
developed to fix iron into a soluble form, are 
safe for use, and have been used in the clinical 
settings for their anti-tumor efficacy [142-144]. 
Due to the clinical safety of DFO, it has received 
the majority of attention in clinical research. 
Studies have shown that MCF-7 and MDA-
MB-231 breast cancer cells treated with excess 
DFO exhibited disrupted iron statuses after tre- 
atment, reduced cell viability and growth poten-
tial, and increased breast cancer apoptosis 
[145]. DFP has the potential to effectively in- 
hibit proliferation of prostate cancer in clinical 
applications, furthermore a meta-analysis has 
found that a combination therapy of DFP and 
DFO results in better improvements in cardiac 
ejection when compared to monotherapy, but 
had no other significant effects [146, 147]. DFX 
is considered a potential NF-κB inhibitor and 
can specifically induce apoptosis in myeloid 
leukemia cell lines. DFX has been shown to be 
safe in several case reports, and some com-
mon side effects are not observed, including no 
progressive change in the serum, intestinal and 
skin [148]. In other studies, iron chelators such 
as DFO were used in combination with some 
chemotherapeutic drugs to increase efficacy 
against advanced blastoma and neuroectoder-
mal tumors [149]. In addition, another study 
has reported that chelators inhibit growth of 
tumors and influence the polarization of macro-
phages, lighted another option in the develop-
ment of novel therapies [150].

Novel iron-based treatment strategies for can-
cer

Recently it has been observed that overload- 
ing of macrophages with iron results in unre-
strained M1 phenotype in chronic venous leg 
ulcers [151]. Similarly, it has reported that mac-
rophages with excess iron undergo polarization 
resulting in a detrimental proinflammatory-M1 
type response in injured spinal cord patients 
[152]. In addition, the occurrence and progres-
sion of tumors are largely dependent on signals 
from the external environment. And studies 
have demonstrated iron-containing complexes, 
such as ironomycin, have a therapeutic effect 
on development of resistance to the breast 
cancer stem cells, ultimately resulting in gen-
eration of iron-dependent ROS and tumor cell 
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death [153]. Results of these studies suggest 
that iron-mediated cell death could be used to 
target the tumor microenvironment (TM) [133, 
154]. In fact, there are many non-malignant 
cells in the TM, such as immune cells and blood 
vessels, which are closely related to tumor tis-
sues [155]. It has been demonstrated that the 
abundance of iron-related proteins in the mi- 
croenvironment of macrophages, lymphocytes, 
and other immune cells, are correlated with 
clinical prognosis markers of cancers in pa- 
tients. Therefore, targeting the homeostasis of 
tumor microenvironment might be an effective 
and novel treatment strategy for certain can-
cers [156].

Macrophages play a sophisticated role in main-
taining iron homeostasis by recovering iron 
from damaged hemoglobin or senescent eryth-
rocytes [157]. In TM, pro-inflammatory pheno-
types of M1 macrophages contribute to iron 
sequestration, while anti-inflammatory pheno-
types of M2 macrophages release iron into the 
microenvironment and thus promote growth of 
tumor cells [158, 159]. Furthermore, macro-
phages are involved in the pathogenesis of 
some diseases, and potential to be the thera-
peutic targets in development of treatments 
[160]. In this regard, the dichotomy between 
M1 and M2 provides an abundance of patho-
logical targets for treatment such as macro-
phage elimination or reprogramming [161]. For 
example, tumor-associated macrophages could 
be reprogrammed to an anti-cancer phenotype 
by overloading the intracellular iron which  
promotes an immune responses, and directly 
causes tumor death [162]. Breakthroughs  
have been recently made in the application of 
nanotechnologies as immunotherapies for can-
cers by regulating polarization of macrophages 
[163, 164]. Previously, Zanganeh et al. found 
the FDA-approved iron supplement, ferumoxy-
tol, to inhibit tumor growth by reprogramming 
macrophages to increase the abundance of  
M1 macrophages in TM [165]. In another recent 
study, a magnetic iron oxide nanomaterial was 
reported to promote M1 macrophage polariza-
tion by elevating intracellular iron levels via the 
IRF5 pathway, and leading to cytotoxic T lym-
phocyte (CTL) activation in TM in combatting 
the development of tumors [166]. To improve 
the biocompatibility of nano-iron materials, re- 
searchers used the macrophage membranes, 
combined with iron materials (Fe3O4) to further 
improve targeted function as the photothermal 

properties of Fe3O4 can be used to improve the 
efficiency of the method for tumor treatment 
[167]. Thus, as an important component in 
tumor microenvironment, macrophages may be 
an important target for effective and novel anti-
tumor therapies in combination with iron mate-
rials. And iron materials affect the phenotype of 
macrophages in TM, further changing the char-
acteristics of TM and affecting tumor growth.

Redox homeostasis of cells plays an important 
role in cell survival, growth and proliferation, 
and new strategies to combat development of 
cancers have focused on the role played by 
ROS and iron. Generation of ROS and abun-
dance of free iron tightly control to maintain 
redox homeostasis, and disruption can lead to 
negative impacts [124]. Therefore, among avail-
able tumor treatment strategies, controlling 
abundances of intracellular ROS or iron is an 
important consideration. Except for the therapy 
of iron chelators, researches have focused on 
elucidating the anti-tumor mechanisms obser- 
ved following disorder in redox homeostasis 
[168-170]. For example, ascorbate therapy has 
been demonstrated to influence tumor cells via 
an iron-mediated manner, which is dependent 
on the production of excess H2O2 by metal 
catalysis in cancer cell, mainly by iron, ascor-
bate does the agent of antioxidant function to 
induce oxidative stress [171, 172]. Although 
ascorbate therapy has been ambiguous in 
tumor treatment, it has been proposed in 
recent years as a potential antitumor therapy 
[173, 174]. Alternatively, ferroptosis, is mainly 
characterized by the production of iron-depen-
dent lipid peroxides, it can also lead to the dis-
order of redox [170], and many studies further 
combined with other drugs changes the redox 
homeostasis in the cells, causing ferroptosis. 
Recent studies have found that high concentra-
tions of iron and artemisinin in tumors, a tradi-
tional Chinese medicine for the treatment of 
malaria, promote the production of free radi-
cals and induce ferroptosis [175, 176]. However, 
the mechanism of how artemisinate induces 
ferroptosis remains unclear [177, 178]. 

Conclusions

Iron homeostasis is important to the function-
ing of normal and tumor cells. When compared 
to normal cells, tumor cells require greater 
amounts of iron to ensure survival, mainte-
nance of TM and proliferation. Aberrant expres-
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sion of iron-related proteins is a common fea-
ture of malignant tumors. In addition, tumors 
exhibit altered iron-related pathways and physi-
ological processes. Due to the role of iron in 
tumor formation and proliferation, iron-related 
gene or protein expression have been highlight-
ed for their prognostic value and as a reference 
for clinical decision-making. However, changes 
in iron-related proteins are cancerous type  
specific, thus limiting their prognostic value. 
Generally, it is believed that iron metabolism 
imbalances are related to metastases [133].

The dependence of tumor cells on iron provides 
an opportunity for development of anti-tumor 
treatments. For example, treatments can focus 
on limiting iron utilization by tumor cells, thus 
inhibiting tumor growth. Thus, removal of iron is 
a promising prospect for treatment of tumors. 
Anti-cancer drugs can be designed to target 
free iron near tumor cells or to target iron-re- 
lated proteins important to metabolism, and 
greatly influence tumor growth. In addition, 
elimination of intracellular iron by chelating 
agents can elicit production of cytotoxic ROS in 
tumor cells. However, cancer stem cells (CSCs) 
have robust reactive oxygen defense systems 
[179]. Therefore, treatment methods must in- 
crease ROS levels and target the oxidative 
response system of CSCs to inhibit their grow- 
th. Moreover, ferroptosis caused by excess iron 
has been recently discovered and offers a 
unique opportunity for development of targeted 
therapies. Selective targeting of tumor cells via 
ferroptosis might become an attractive anti-
cancer strategy, however a greater understand-
ing of its mechanism is required. 

Despite greater amounts of studies investigat-
ed the role of iron in tumor development, more 
studies are required. For example, metabolic 
mechanisms of tumor cells, mechanisms of 
iron-mediated ROS production, mechanisms of 
increased iron-mediated ROS induced cell dea- 
th, mechanisms of iron-mediated ROS effects 
on the tumor microenvironment require further 
research. In addition, the safety and efficiency 
of iron-related anti-tumor preclinical drugs ne- 
ed to be established. Iron-related threpies have 
some basic and clinical application cases in the 
treatment of cancer, they are gradually becom-
ing one of the new methods for the treatment of 
cancer, and has a great prospect. We expect 
these therapies to be effective against the tu- 

mor. However, as mentioned above, there are 
still some limitations and unknowability in the 
study of iron related therapeutic mechanism, 
which requires further research and explora-
tion, eventually enriches the means of anti-
tumor therapy.
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