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Abstract

Iron is essential in many physiological processes, including DNA metabolism, oxygen transport, 

and cellular energy generation. Deregulated iron metabolism, which results in iron overload 

or iron deficiency, is observed in many different diseases. We here summarize recent progress 

in the pathophysiology and pharmacology of iron-overload diseases, such as hereditary 

hemochromatosis, as well as iron-deficiency disorders, which are typically associated with 

anemia. The role of iron in immunity and the connection between iron and cancer are 

also addressed. We finally summarize and discuss the current (pre-) clinical landscape of 

pharmacotherapies targeting key players involved in iron metabolism.
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Iron imbalance – at the origin of numerous pathologies

Iron is used by almost all organisms and is essential for their development and survival [1]. 

It is a vital part of various enzymes involved in many biological processes, including DNA 

biosynthesis, oxygen transport, and cellular energy generation [2].
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Under physiological conditions, iron occurs in different oxidative states, between which it 

oscillates. Ferric (III) iron is stable but poorly soluble in water. Whereas ferric iron is bound 

to proteins serving as ligands, such as transferrin, to overcome solubility issues and ensure 

good bioavailability. By this means, ferric iron can be transported safely in a redox-inactive 

state. On the other hand, ferrous (II) iron is water-soluble, and its high reactivity contributes 

to its destructive potential. When present in excess, ferrous iron leads to the generation of 

reactive oxygen species (ROS) via the so-called Fenton reaction, which eventually results 

in cell damage, cell death, and organ failure, primarily affecting the liver, heart, pancreas, 

thyroid, and central nervous system [3], [4].

Iron-induced damage is aggravated by the fact that there is no physiological way of iron 

excretion, apart from blood loss and (to a lesser extent) shedding of cells. To diminish 

the destructive potential of iron while at the same time enabling the exploitation of its 

essential role in protein function, the uptake, distribution, and utilization of iron needs to 

be tightly regulated [5]. Iron regulation depends on a small number of crucial players, 

such as ferroportin (Fpn) and hepcidin (see Figure 1). Genetic modifications in such key 

players result in deregulation of iron homeostasis, which leads to severe pathological 

conditions requiring intensive medical care, such as hereditary hemochromatosis (HH) or 

beta-thalassemia.

In this review, we summarize the involvement of deregulated iron homeostasis (i.e., 

iron deficiency and iron overload) in several prominent diseases’ pathophysiology. We 

furthermore provide an overview of recent advances in pharmacological modulation of iron 

metabolism, discussing therapeutic strategies that are either already employed in the clinic 

or currently under preclinical evaluation.

Key players in iron metabolism

The human body contains 3-4 grams of iron. The majority is utilized in erythrocytes to 

bind and shuttle oxygen throughout the body. Macrophages in the spleen, bone marrow, 

and liver recycle iron by taking up senescent erythrocytes and breaking them down to 

provide iron for processes such as erythropoiesis [5]. The remaining iron is stored in 

hepatocytes, which serve as a regulatory unit to control the systemic iron level. An 

alternative regulatory measure to control body iron is adjusting its absorption realized by 

enterocytes in the duodenum. In enterocytes, iron is either stored to minimize the amount of 

circulating iron as ferritin or transported to the basal side and released into the bloodstream 

by Fpn, the only known iron exporter on a cellular level [6], [7]. After the release, 

iron is loaded onto transferrin and distributed safely throughout the body [8]. Transferrin

bound iron is recognized by transferrin receptor (TfR), a membrane-bound protein that is 

widely expressed and commonly overexpressed on cells with a high iron demand, such as 

intermediate stages in red blood cell formation like erythroblasts [9] (see Figure 1).

The regulation of systemic iron homeostasis is primarily executed by hepcidin, a 25 amino 

acid peptide [10]. Hepcidin binds to Fpn, initiating the iron exporter’s internalization and 

degradation and thereby decreasing available iron in the circulation [11]. The expression 

of the HAMP gene, which encodes for hepcidin, is upregulated by a multitude of 
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factors, including bone morphogenetic protein (BMP), hemojuvelin (HJV), and human 

hemochromatosis protein (HFE), targeting either the BMP receptor (BMPR) or the TfR 

on hepatocytes [12]–[14]. Additionally, inflammatory cytokines such as interleukin 6 (IL-6) 

induce hepcidin biosynthesis and reduce plasma iron levels as a preventive measure against 

bacterial growth [15]. To mobilize iron from its storages and increase its availability for 

processes like erythropoiesis, erythropoietin (EPO) stimulates erythroblasts to release the 

protein erythroferrone (ERFE), which inhibits hepcidin production by binding to BMPs [16]. 

Elevated EPO production is observed under oxygen-deprived conditions, mediated by the 

hypoxia-inducible factor (HIF), which leads to increased downregulation of hepcidin and 

consequently promotes iron release [17], [18].

At the cellular level, non-protein-bound iron is presented as the labile iron pool, consisting 

of ferrous iron bound by low-affinity iron chelators. The labile iron pool regulates the 

intracellular iron flux via iron-responsive proteins (IRP) interacting with iron-responsive 

elements (IRE) and controlling the translation of mRNA encoding for ferritin, TfR1, Fpn, 

and divalent metal-ion transporter-1 (DMT1) [19]–[22]. Moreover, the transcription of TfR, 

DMT1, and Fpn is also controlled by HIF via binding to their hypoxia-responsive element 

(HRE), serving as a potent transcription factor [23]–[26]. Prolyl-4-hydroxylase (PHD), 

which regulates the degradation of HIF, is highly Fe2+-dependent, making HIF and PHD 

suitable targets for the treatment of iron metabolism-related pathologies [27].

Generally, iron homeostasis is affected by the disturbance of one or more of its key players, 

causing either an excess or a shortage of systemic iron. Both conditions have detrimental 

effects on the overall health status of an individual.

Iron deficiency

Iron deficiency patients have improper systemic iron levels, not matching their demands for 

continuous processes like erythropoiesis. This can eventually lead to anemia, a condition 

where the body suffers from low hemoglobin levels causing oxygen shortage. Anemia 

is a major global healthcare problem, affecting 25% of the world population, with iron 

deficiency anemia and anemia of chronic disease being the most common forms. Prevalence 

is rising, especially for anemia of chronic disease, due to the global aging population, which 

comes with an increased risk to develop chronic pathological conditions.

Anemia is often addressed because of the apparent clinical presentation. However, 

iron deficiency also results in problems during pregnancy and delays in childhood 

development, affecting especially cognitive abilities, which need careful consideration 

regarding diagnostic measures and treatment options. Causes for iron deficiency include 

severe blood loss, elevated requirement occurring during pregnancy or periods of rapid 

growth, malassimilation, impaired iron absorption, and inflammatory flares; most of these 

conditions can be efficiently treated with iron supplementation [28], [29].

Iron supplements are either given orally or administered intravenously (see Figure 2). 

The downside of oral iron administration is the necessity of high and frequent dosing, 

typically given over months to enable the re-establishment of physiological iron levels. 
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This intense and prolonged treatment regimen is necessary because of inefficient intestinal 

iron absorption. Consequently, due to the significantly increased iron intake, hepcidin – the 

master regulator of iron metabolism (see Figure 1) – is upregulated, reducing plasma iron 

levels. To partially bypass this regulatory mechanism, an alternate day treatment regimen 

rather than everyday dosing is recommended, increasing the overall effectiveness of oral iron 

supplementation [30].

In severe iron deficiency cases and depending on hemoglobin levels, intravenous 

administration is to be favored over oral administration, allowing significantly higher doses 

to be applied with a single injection [31]. There is ongoing controversy about the most 

optimal method for iron supplementation, ensuring efficient iron intake and uptake, as well 

as a good therapeutic outcome while keeping the incidence and the intensity of side effects 

under control [32].

Iron loading anemia

Besides absolute iron deficiency, iron loading anemia (see Glossary) is one of the 

leading causes of a pathological state where the lack of functional erythrocytes causes an 

undersupply with oxygen, also known as functional iron deficiency [33].

Iron loading anemia, such as beta-thalassemia and sickle cell disease, is commonly treated 

with blood transfusion combined with measures to prevent iron overload or allogeneic 

hematopoietic stem cell transplantation (HSCT) [34]. Treatment via red cell transfusion 

and subsequent chelation therapy to counteract the major side effect of the resulting iron 

accumulation is very elaborate. The orally administered iron chelator deferasirox (DFX or 

Exjade/ Jadenu; Novartis)i serves as a first-line treatment to lower iron and reduce blood 

transfusion-related side effects in iron loading anemia. Deferiprone (DFP or Ferriprox; 

ApoPharma) is being used as a second-line option. Prominent side effects of iron chelation 

therapy include cytopenia, neurotoxicity, and gastrointestinal dysfunction [35]. Moreover, it 

should be kept in mind that chelation therapy is not curative and just a supportive treatment. 

Vice versa, HSCT directly addresses the origin of the disease and intends to cure it. It 

is, however, a very costly and relatively invasive procedure, which comes with serious 

side effects and limited application. HSCT requires the health care infrastructure of an 

industrialized nation and is mostly employed in individuals under the age of 18 [36]. In 

recent years, targeted interventions, such as gene therapy, are being explored to directly 

interfere and cure the underlying condition (Box 1) (see Table 1). They are currently still 

largely in clinical trials, but promise broader applicability while at the same time being less 

invasive.

Alternative treatments for iron loading anemia are based on subcutaneously self

administrable ligand traps for transforming growth factor-β (TGF-β) superfamily members, 

which mediate curative effects by enhanced erythroid differentiation. Representatives 

of this group of drugs are the ligand trap for TGF-β superfamily members called 

sotatercept (ACE-011) with an ongoing clinical trial in phase 2 (Clinical Trial Numberii: 

NCT01571635), and the recombinant fusion protein derived from human activin receptor 

type IIb named luspatercept (ACE-536), tested in phase 3 clinical trial (NCT02604433) 

[37], [38] (see Table 1). Luspatercept significantly reduces the transfusion burden in patients 
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with transfusion-dependent beta-thalassemia compared to placebo, and demonstrates a novel 

treatment approach with a preferable dosing regimen of an subcutaneous injection every 21 

days and low side effects [37]. Full recovery, however, is not achieved with luspatercept, and 

the need for red blood cell transfusion remains.

Taken together, multiple therapeutic options are available to alleviate disease symptoms or 

even cure patients suffering from iron loading anemia, several of which already approved 

and others close to being implemented in clinical practice.

Inflammation-associated diseases

Another form of functional iron deficiency up to the level of anemia can be caused by an 

underlying inflammatory disease, which, e.g., occurs in patients with inflammatory bowel 

disease (IBD), chronic kidney disease (CKD), autoimmune diseases such as rheumatoid 

arthritis, and cancer [39].

In IBD, iron deficiency results from reduced intestinal iron absorption, chronic 

inflammation, bowel resection, malnutrition, or blood loss. Iron deficiency in IBD being 

underdiagnosed is often untreated, even under anemic conditions, which can eventually 

worsen the patient’s well-being. Importantly, IBD patients with iron deficiency are often 

not suited for oral iron preparation and need to be treated with intravenous iron to improve 

quality of life [40].

Patients diagnosed with CKD are anemic due to impaired renal EPO production, 

consequently decreasing erythrocyte formation. Iron supplementation or direct induction 

of erythropoiesis with erythropoiesis-stimulating agents (ESA) such as EPO (recombinant 

or derivatives) have been used to ease the anemic condition in these patients [41]. The 

administration of ESA is considered standard-of-care but can come with relatively serious 

side effects, including cardiovascular events [42]. Other therapy approaches for CKD 

patients include PHD inhibitors to stabilize HIF, leading to increased EPO formation and 

simultaneously inhibiting hepcidin production [43].

Iron deficiency is often overlooked in the case of underlying inflammatory disease, where 

it can significantly impact patients’ quality of life. Therefore, new markers and distinct 

thresholds for distinguishing both conditions are urgently needed. It has been proposed to 

not solely look at ferritin serum level but also use transferrin saturation [44]. However, both 

markers might not indicate iron unavailability in an inflammatory state with functional iron 

deficiency. Consequently, it has been proposed to include further measures such as hepcidin 

serum level determination to evaluate the inflammatory condition [45].

Multiple pharmacological strategies have been explored in the last couple of years for 

addressing inflammation-associated anemia. These, e.g., include treatment with the natural 

monoterpenoid hinokitiol, which affects iron distribution by restoring the ability to transport 

iron across membranes [46], as well as approaches targeting the main iron regulator hepcidin 

(see Figure 2). Examples of the latter are hepcidin inhibition with anti-BMP6 antibodies 

(LY3113593) [47] and hepcidin capturing with either anti-hepcidin antibodies (LY2787106) 

[48] or anticalin (PRS-080) [49] (see Table 1). Anti-BMP6 antibodies combined with 
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anti-Fpn antibodies (and in a separate study also with anticalin) have been assessed in 

healthy individuals and CKD patients as a therapeutic intervention against anemia of chronic 

disease, evaluating particularly tolerability and iron mobilization efficiency [47], [49]. 

Analogously, the tolerability and hepcidin binding capability of anti-hepcidin antibodies 

have been tested in patients with cancer-induced anemia of chronic disease [48]. In all 

cases, the formulations were found to be safe and induced iron redistribution mediated 

via hepcidin inhibition. Therapeutic strategies targeting the hepcidin-Fpn axis hold great 

potential. However, the results obtained thus far are from early-stage clinical investigations 

and need to be confirmed by more extensive efficacy assessment.

Iron deficiency and cancer

In cancer progression, iron metabolism is often altered at the systemic and cellular levels. 

Cancer is typically accompanied by anemia of chronic disease, mediated by an upregulated 

hepcidin production, and worsens due to therapeutic interventions such as chemotherapy. 

Patients undergoing chemotherapy may receive iron supplementation to increase systemic 

iron levels and improve their quality of life.

At the cellular level, the expression of proteins responsible for iron uptake, storage, and 

export is altered in cancer, albeit with considerable variation between different cancer 

types. Iron uptake is mainly organized by TfR1 and DMT1 [22], [50]. TfR1 is highly 

overexpressed in a wide range of tumor types, increasing the intracellular iron amount 

[51]–[53]. DMT1 responsible for intestinal iron absorption and endosomal transport of 

iron into the cytosol is upregulated, especially in colorectal cancer [54]. Ferritin, the iron 

storage protein, is commonly cytosolic but can be excreted by macrophages and serve as an 

additional iron source [55]. Receptors, like scavenger receptor class A member 5 (SCARA5) 

or TfR1, bind ferritin and internalize it, and are known to be altered in cancer cells [56]–

[58]. Fpn is responsible for iron release and has been widely described to be downregulated 

in prostate and breast cancer [59], [60]. Furthermore, proteins such as lipocalin 2 (LCN2), 

which sequester iron, are upregulated in certain malignancies, such as breast cancer (Box 2) 

[61].

Taken together, these processes lead to an increase in iron sequestration and retention, and 

result in an elevated labile iron pool. Iron-induced ROS generation results in oxidative stress 

when the amounts of ROS exceed the amounts of ROS scavengers. In general, iron is needed 

for proliferation, especially as a cofactor in enzymes taking part in DNA synthesis and 

repair, such as ribonucleotide reductase, and for enzymes producing adenosine triphosphate 

(ATP) during oxidative phosphorylation. As observed in cancer cells, the iron demand 

increases with a higher proliferation rate [62].

Upon iron restriction, cancer cells respond with a cell cycle arrest in the G1/S phase, 

underlining the proliferative nature of iron-depending processes. Thus, chelation therapy has 

been tested using already approved iron chelators, such as deferoxamine (DFO or Desferal; 

Novartis) and deferasirox (DFX or Exjade/Jadenu; Novartis). These iron chelators have been 

intensively studied in preclinical settings; the number of clinical trials has been low. DFO 

was investigated in a phase 1 clinical trial for unresectable HCC, together with transarterial 

chemoembolization (NCT03652467). However, the short blood half-life of DFO requires 
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a labor- (and cost-) intensive procedure involving parenteral administration over hours and 

frequent re-administration [35]. DFX is given orally, which is more favorable, and has been 

under clinical investigation for acute myeloid leukemia as a single treatment as well as in 

combination with cholecalciferol and azacitidine (NCT02341495).

More promising newly developed iron chelators, such as di-2-pyridyl ketone 

thiosemicarbazone (DpC) and triapine, have been intensively investigated in clinical trials 

indicating a higher success rate to be finally approved compared to standard iron chelators 

used for iron overload conditions [63] (see Figure 3).

Multiple TfR-targeted therapies have been investigated for oncological applications in the 

past two decades. This include agents specifically recognizing TfR1, such as anti-TfR 

antibodies or transferrin-drug conjugates [64], [65]. Antibodies against TfR1 have also been 

tested, in preclinical and clinical settings, but showed severe side effects due to off-target 

binding to other cell types with high iron demand, such as erythroblasts [66].

To address challenges related to fast blood clearance of iron chelators such as DFO as 

well as DFO-induced induction of HIF1α expression, novel nanoformulations consisting 

of Tfr1-targeted liposomes co-loaded with DFO and the HIF1α inhibitor YC-1 have been 

assessed, proving their suitability for cancer combination therapy [67]. This approach seems 

to reduce the available iron in the tumor but potentially worsens the patient’s anemic 

condition and overall well-being. Careful evaluation of such novel concepts is required to 

help decide which therapeutic option is most suitable in a given situation.

The exploration of the systemic iron regulator hepcidin and its relevance to cancer 

progression has been the objective of a preclinical study. In hepcidin knockout mice, 

prolonged overall survival and reduction in metastasis have been observed compared to 

wild-type animals, suggesting a pro-proliferative effect of hepcidin. In in vivo experiments, 

the same study showed a reduction in cancer cell proliferation and tumor growth in mice 

with Fpn overexpression [68].

Together, these findings have led to the conclusion that intracellular iron retention worsens 

disease outcomes in cancer, making the hepcidin-Fpn axis a target for cancer therapy. 

Potential pharmacological agents available for capturing and binding hepcidin include the 

above-mentioned anti-hepcidin antibodies [48], anticalin [49], and anti-BMP6 antibodies 

[47] (see Table 1, Figure 3).

Iron overload

Excess iron and iron overload are also known as hemochromatosis. Iron overload has several 

underlying causes of which genetic mutation of the HFE gene is the most common one. 

We further differentiate between primary and secondary hemochromatosis, with far more 

individuals suffering from primary hemochromatosis. In the United States, ~1 million 

people are affected by iron-related diseases, primarily individuals with Northern European 

descents. In contrast, non-HFE hemochromatosis disorders are rare.
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Secondary iron overload associated with iron loading anemia, such as beta-thalassemia and 

sickle cell disease, is indirectly induced by the underlying pathology and is commonly 

diagnosed at a young age. Worldwide, 40,000-60,000 infants are born annually with beta

thalassemia, and 300,000 with sickle cell disease.

Phlebotomy, or bleeding, has been employed to treat patients diagnosed with primary 

hemochromatosis. In certain severe non-HFE-associated hemochromatosis cases, a 

combination of phlebotomy and iron chelation is implemented. Patients suffering from 

secondary hemochromatosis, in which phlebotomy is not an option, benefit from iron 

chelation therapy. The iron chelators DFO, DFX, and deferiprone (DFP or Ferriprox; 

ApoPharma) are approved for clinical use and are extensively employed to reduce the 

iron burden in patients suffering from secondary hemochromatosis (see Table 1 and Figure 

2). New DFO formulations with prolonged circulation times are under development to 

overcome the rapid clearance of these drugs from the bloodstream, which is a major 

disadvantage with an enormous impact on the patient’s quality of life [69].

Novel treatment approaches of iron overload include the modulation of hepcidin expression 

by targeting proteins that regulate HJV or BMP activity, with a positive effect on BMP

SMAD signaling. An example of this is silencing MT2 (i.e., TMPRSS6) with the antisense 

DNA oligonucleotide drug Ionis TMPRSS6-LRX, which is currently under clinical phase 

1 investigation (NCT03165864) [70]. Along the same line of thinking, a compound called 

SLN124, which is a GalNAc double-stranded siRNA conjugate targeting TMPRSS6 for the 

treatment of beta-thalassemia and iron overload [71], [72], has recently entered phase 1 

clinical trials (NCT04176653). Another pharmacological approach relies on targeting ERFE, 

which functions as a negative regulator of hepcidin. An anti-ERFE antibody was explicitly 

developed to inhibit the interaction between ERFE and BMP, thereby activating BMP

SMAD signaling and hepcidin expression. As a result, lower iron levels in the liver and 

plasma accompanied by a recovery of erythropoiesis are observed. Overall, the redistribution 

of iron together with improvements in anemia conditions make this antibody-based therapy 

suitable for beta-thalassemia therapy. However, its safety and efficacy still need to be tested 

in humans [73].

The recently discovered ROS-protective role of Nuclear factor erythroid 2-related factor 

(NRF2) and its ability to induce BMP6-mediated hepcidin expression to protect against 

excessive iron makes this an exciting therapeutic strategy in iron-overloaded individuals 

[74]. Instead of increasing hepcidin expression, Fpn targeting has also been employed to 

lower plasma iron levels. VIT-2736 is an oral Fpn inhibitor developed by Vifor Pharma 

to treat beta-thalassemia intermedia, and it has recently completed a phase 1 clinical trial 

(NCT04364269; see Table 1 and Figure 2) [75].

An alternative approach to reduce systemic iron levels, especially useful for patients with 

non-transfusion-dependent secondary iron overload such as beta-thalassemia, is restricting 

intestinal iron absorption. To this end, the proton pump inhibitor (PPI) esomeprazole 

(see Figure 2) is currently under investigation in phase 3 clinical trial (Netherlands Trial 

Registeriii: NL6659) [76]. Also tested as an iron overload therapeutic, but still at the 

preclinical level, is a compound called PT2385, a HIF2α antagonist. HIF2α regulates 
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intestinal iron absorption in enterocytes by activating DMT1 and Fpn production at the 

transcriptional level [26], [77]. HIF2α furthermore downregulates hepcidin synthesis in the 

liver via EPO [78]. By targeting the dysfunctional hepcidin-Fpn axis and reducing dietary 

iron absorption via HIF2α inhibition, laboratory animals’ plasma iron levels were lowered 

[79]. Testing in humans with iron overload and hepcidin deficiency will show its potential as 

a therapeutic agent.

Cardiovascular diseases

Iron overload has been associated with vascular diseases, which pose a major threat 

to the western world’s population considering their high morbidity and mortality rates 

[80], [81]. It is controversially discussed how iron metabolism imbalance, particularly 

the high circulating free iron levels, affects vascular diseases such as atherosclerosis. 

Inflammatory processes potentially link cardiovascular diseases and iron, as iron might 

worsen inflammation by catalyzing ROS generation [82]. Iron deposition in atherosclerotic 

plaques has been observed, but it is not clear if iron accumulation is the cause or 

consequence of atherosclerotic plaques. Iron is also involved in the oxidation of low-density 

lipoprotein (LDL), a hallmark for atherosclerosis. It has become increasingly clear that 

iron acts as a risk factor in the onset progression of cardiovascular disease. It seems 

that not high systemic iron concentrations but rather elevated intracellular iron levels in 

macrophages drive the inflammatory process [81]. Accordingly, preventive measures to 

reduce the risk of atherosclerosis include a reduction of dietary iron [83]. As therapeutic 

strategies, iron chelating agents and apotransferrin administration are being considered to 

reduce the iron burden [84]. These agents primarily bind systemic iron, even though most of 

the iron-chelating agents are effective intracellularly too. Intracellular reduction of iron can 

occur either by direct iron-binding, or indirectly by reducing circulating iron and initiating 

redistribution.

Neurodegenerative diseases

Analogously, neurodegenerative diseases, such as Parkinson’s disease (PD), Alzheimer’s 

disease (AD), Huntington’s disease (HD), or Friedreich’s ataxia (FA), are associated with 

elevated iron levels in pathognomonic brain regions resulting in diverse pathologic patterns. 

It indicates that they might be amenable to iron restriction treatments induced, e.g., by 

chelation therapy to regain the balance between low and high iron deposit regions in 

FA or hepcidin targeting [85]–[87]. Iron chelation might also mitigate the effects of iron 

dyshomeostasis and neurotoxicity in dopaminergic neurons, which are mainly affected in 

PD. This proteinopathy is also characterized by alpha-synuclein aggregates, where the 

postulated malfunction of alpha-synuclein as a ferrireductase potentially increases levels 

of ferrous iron and aggravates ROS formation [88]–[90]. An additional pharmacological 

approach in this regard is treatment with ebselen (see Table 1), which is known for 

its inhibitory action on the crucial iron transporter DMT1. Promising results have been 

obtained in vitro with regard to reducing iron intake, and the compound has already been 

successfully employed as a therapeutic agent for Alzheimer’s disease [91], [92]. However, it 

remains unclear if iron overload is a cause or consequence of neurodegenerative disease, as 

comprehensively discussed in a recent review on this topic [93]. In the years to come, this 

needs to be systematically studied for each disease entity.
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Immunity

As almost all living beings, microorganisms such as bacteria and viruses rely on iron for 

growth and survival [94]. Numerous studies report a correlation between a high systemic 

iron level and an increased risk of infection [95]. To fight iron-dependent infections, 

reducing the pool of available iron is anticipated to be an attractive strategy. Direct iron 

chelation, as well as the targeting of hepcidin or BMP/IL-6 signaling, could serve as a 

therapy in infectious diseases. Furthermore, to specifically address gram-negative bacteria’s 

iron sequestration mechanism, antibacterial drugs conjugated to siderophores have been 

tested. The drug candidate cefiderocol belonging to the cephalosporin family of medications 

completed a phase 2 clinical trial (NCT02321800; see Table 1) to treat urinary tract infection 

[96].

The ongoing pandemic provoked by the severe acute respiratory syndrome-coronavirus-2 

(SARS-CoV-2) impacts all levels of daily life, affecting besides healthcare also 

economic and societal aspects. Since the beginning of the outbreak, we have gradually 

learned how the disease presents and progresses. There are, however, still many 

unknowns with regard to understanding SARS-CoV-2 pathophysiology. In terms of iron 

metabolism, hemoglobinopathy and hyperferritinemia have been proposed to accelerate 

its progression [97]. SARS-CoV-2 has been shown to bind to erythrocytes and induce 

hemoglobin denaturation, which causes an oxygen-deprived condition. Furthermore, the 

hyperferritinemic state of COVID-19 patients is associated with an increased risk of 

mortality, but it is not yet clear if hyperferritinemia serves as a biomarker for progressive 

disease or can be considered a cause of infection [98].

Several studies have recently shown that excessive iron induces a shift towards a 

pro-inflammatory phenotype in macrophages, contributing to inflammatory responses in 

diseases such as atherosclerosis [81], [84], steatohepatitis, and liver fibrosis [99], [100]. 

Also, inflammatory conditions occur in patients with iron loading anemia, such as beta

thalassemia, possibly mediated by the high intracellular iron levels found in macrophages 

[2]. These observations indicate that iron mediates macrophage-mediated inflammatory 

responses. However, the opposite is the case in hemochromatosis, where no increase in 

intracellular iron levels in macrophages and no association with inflammatory conditions 

has been reported. Together with the notions mentioned earlier on iron’s role in supporting 

bacterial and viral infections, these insights suggest that pharmacological reduction of iron 

levels can help to dampen inflammatory and immune responses.

Iron overload and cancer

Strikingly, in patients with iron overload, such as HH, the risk of HCC is increased by 

up to 200-fold. Besides HCC, the evidence of increased cancer incidence in HH patients 

is inconclusive, with papers reporting conflicting outcomes. Several studies indicate an 

increase in cancer incidence, e.g., in breast, colon, and prostate cancer, whereas others report 

no effect of iron overload on cancer development. Further investigations and particularly 

prospective clinical trials will help elucidate the role of iron in cancer initiation and 

progression [101], [102].
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Evading programmed cell death is one of the hallmarks of cancer and plays a crucial 

role in cancer initiation and progression. Therefore, a major focus in cancer therapy has 

been on cell death mechanisms’ reactivation. Ferroptosis is a recently discovered form 

of non-apoptotic cell death mediated by ROS and lipid peroxidation induction [103]. 

Several substances, including iron itself, promote ferroptosis and have been used to induce 

cell death in cancer cells, which are relatively susceptible to such interventions because 

of their altered iron metabolism [88], [103], [104]. In a preclinical study, Feraheme® 

(ferumoxytol), a clinically approved anti-anemia iron oxide nanoparticle formulation, has 

been employed as a drug for acute myeloid leukemia (AML) treatment. It was found that 

low Fpn expression levels on leukemia cell lines and primary cells lead to an increased 

susceptibility to Feraheme®-induced ferroptosis [105]. Also, sorafenib, a tyrosine kinase 

inhibitor approved for HCC, thyroid cancer, and advanced renal cancer treatment, has shown 

ferroptotic activity, inhibiting cellular cysteine intake (see Table 1, Figure 3) [106]. Cysteine 

is a building block of glutathione, and it is part of the cellular defense mechanism against 

ROS. Alternative ways to increase the labile iron pool and to induce ROS generation are 

stimulation of ferritin degradation, a process known as ferritinophagy. For instance, targeting 

either the L-chain or the H-chain of ferritin with small hairpin RNA (shRNA) has been 

shown to reduce the growth of cancer stem cells [107]. Another ferritinophagy-related 

ferroptosis strategy includes the upregulation of NCOA4, which induces ferritin transport to 

the lysosome, resulting in ferritin degradation and iron liberation.

Iron oxide nanoparticles such as Feraheme® have furthermore been shown to modulate the 

polarization of tumor-associated macrophages (TAM), thereby supporting the outcome of 

established cancer therapies. Several studies have been published in this regard, showing, 

e.g., that iron delivery to TAM mediates a shift from an M2-like to an M1-like phenotype, 

which is accompanied by an enhanced anti-tumoral effect [108]–[110]. These and some of 

the other iron-based therapeutic strategies outlined above open up promising new avenues to 

improve anticancer therapy, particularly in combined modality settings, e.g., via enhancing 

immunotherapy efficacy.

The role of iron and its therapeutic potential in cancer strongly depends on the tumor stage. 

It can either enhance proliferation by providing the necessary iron for enzymes taking part 

in oxidative phosphorylation and DNA synthesis. Conversely, excess iron can also catalyze 

ROS generation and induces ferroptosis, leading to cell death, and potentially providing 

a powerful therapeutic strategy. At early stages, excess iron may worsen the disease, by 

causing (additional) DNA damage driving cell cycle deregulation and tumor initiation. 

Altogether, as already alluded above, there is still much to be learnt about the involvement of 

iron in cancer initiation, progression and treatment, and systematic future investigations are 

needed to elucidate iron’s role of specific malignancy types and stages.

Concluding Remarks

Iron is involved in fundamental biological processes. Therefore, control over iron 

homeostasis is crucial, and an iron imbalance results in various pathological conditions.
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Even with the major advances in better understanding iron metabolism in recent years, iron 

deficiency and anemia are still major global health problems. New formulations, especially 

for intravenous administration and new therapeutic routes have been developed, but the need 

for controlled clinical trials remains (see Outstanding Questions). Moreover, targeting iron 

metabolism via hepcidin inhibition holds great potential. More advanced clinical studies are 

needed to translate the so far promising preclinical results and make them accessible for 

clinical practice.

Iron overload leads to an increased risk of infection, an increased inflammatory response, 

and may even increase the risk of cancer. Iron overload furthermore induces ferroptosis, 

which can ultimately result in organ failure. Several neurodegenerative disorders have been 

linked to iron excess, even though it has remained largely elusive if increased iron levels 

are the cause or the consequence of the disease. Treatment options such as iron chelation or 

pharmacological stimulation of hepcidin production reduce systemic iron levels and prevent 

pathological effects.

The wide variety of different disease conditions associated with deregulated iron metabolism 

calls for a better and broader understanding of iron homeostasis and novel iron-targeted 

pharmacotherapies and biomarkers to facilitate disease diagnosis staging and treatment 

monitoring. Concerted future actions, in which basic scientists working on iron biology 

and iron (patho-) physiology closely collaborate with industrial and clinical scientists on 

the development and translation of iron-metabolism-modulating pharmacotherapies, are 

considered to be crucial for promoting progress in the field, eventually resulting in the 

generation of several new compounds for targeting iron metabolism in the clinic.
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Box 1

Gene therapy in iron-related diseases

New developments in the treatment of iron-related diseases originate from defective 

or impaired genes where monogenetic diseases like beta-thalassemia or sickle 

cell disease show the most promising curative gene therapy approaches. In such 

setups, transfusion-dependent beta-thalassemic patients receive genetically engineered 

autologous CD34-positive hematopoietic stem and progenitor cells (HSPC) [111]. 

Products currently undergoing clinical evaluation are ST-400 (NCT03432364) and 

CTX001 (NCT03655678), both in phase 1/2 trials targeting the BCL11A gene and fetal 

hemoglobin production [112], [113]. Two additional products are tested using a lentiviral 

vector encoding the normal human β-globin gene, the TNS9.3.55 currently in phase 1 

(NCT01639690) and LentiGlobinR BB305 (Zynteglo) in phase 3 (NCT03207009) [114], 

[115]. The gene addition through lentiviral vectors bypasses the burden of massive side 

effects of the current standard HSCT treatment. However, the number of treated patients 

remains low due to this method’s complexity and cost. Some successful applications of 

Zynteglo already led to conditional market approval in the EU. However, the commercial 

use was partially delayed regarding the COVID-19 pandemiciv [116].
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Box 2

Lipocalin and cancer.

As part of the innate immune system, lipocalin 2 (LCN2) helps in host defense against 

iron-dependent pathogens and simultaneously provides cells with iron. LCN2 binds 

characteristic iron-loaded catecholate siderophores, such as enterochelin (also known 

as enterobactin), a molecule released by bacteria for iron sequestration. The LCN2

enterochelin-iron complex returns to the secreting cell and is taken up for degradation, 

resulting in elevated intracellular iron levels and bacterial iron depletion, eventually 

leading to bacterial growth inhibition [117]. Furthermore, LCN2 is associated with 

the onset, progression, and metastatic spread of various cancer types, such as breast, 

prostate, and esophageal cancer. It has been shown in a breast cancer model that LCN2 

is employed to deliver iron to cancer cells via tumor-associated macrophages [118]. 

Additionally, a recently published study reports that LCN2 was expressed by cancer cells 

rather than macrophages in leptomeningeal metastasis, utilizing it for iron capture in a 

poorly nutritious environment [119]. Consequently, the iron-shuttling function of LCN2 

contributes to reduction of ROS-induced damage and inhibition of apoptosis, promoting 

cancer cell survival in the tumor microenvironment [120]. Moreover, certain cytokines 

secreted by immune cells induce activation and binding of transcription factors such as 

NF-κB, AP-1, and C/EBPβ to the LCN2 promoter, thereby stimulating its expression. As 

a result, LCN2-enterochelin-iron complexes re-enter tumor cells via specific receptors, 

thereby helping cells to resist hypoxic conditions and ROS-induced damage and cell 

death [120].
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Figure 1. Key players in iron metabolism.
Iron is absorbed by enterocytes in the duodenum. Non-heme iron in ferric form is reduced 

by the duodenal cytochrome b (DCYTB) to ferrous iron, which can be transported into 

cells by divalent metal-ion transporter-1 (DMT1). Ferrous iron is released from enterocytes 

by ferroportin (Fpn) and oxidized by either membrane-bound hephaestin, ferroxidase or 

ceruloplasmin (Cp). In its ferric state, iron can be loaded onto transferrin, which allows for 

its transportation throughout the body to sites of high iron demand, such as the bone marrow, 

where the production of erythrocytes takes place. Senescent erythrocytes are recognized and 

phagocytosed by macrophages and degraded intracellularly. The iron obtained as part of this 

process is either secreted, stored inside ferritin, or employed as part of the labile iron pool. 

Hepcidin, the master regulator of iron metabolism, is produced and secreted by hepatocytes, 
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where its production is regulated by iron stores and plasma iron levels. Hepcidin binds to 

Fpn and thereby initiates its internalization in and degradation by enterocytes, macrophages 

and hepatocytes, resulting in reduced plasma iron levels.
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Figure 2. Therapeutic strategies targeting iron metabolism.
Deregulation of iron metabolism leads to hemochromatosis or iron deficiency. A) Primary 

hemochromatosis is often associated with low hepcidin expression resulting in high 

ferroportin (Fpn) occurrence and an increase in duodenal iron absorption. Therapeutic 

strategies include direct reduction of systemic iron by iron chelation or phlebotomy. B) 

Secondary hemochromatosis results from inefficient erythropoiesis leading to a possible 

undersupply with oxygen and an increased intestinal iron absorption leading to iron 

overload. Red blood cell transfusion or genetic engineering primarily targeting hemoglobin 

are employed to correct for the defective erythrocyte production. To reduce the occurring 

iron burden the hepcidin-Fpn axis or the intestinal iron absorption can be pharmacologically 

targeted. C) The increased demand of erythrocytes leads to iron deficiency which is 

accompanied by low systemic hepcidin levels, high Fpn expression, and increased duodenal 
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iron absorption. Treatment includes direct elevation of iron levels via the administration 

of iron supplements or full blood. D) Anemia of chronic disease is provoked by an 

underlying inflammation reducing the circulating iron by hepcidin upregulation and Fpn 

downregulation. Therapeutically targeting hepcidin and Fpn or elevating the iron level by 

iron supplementation has been therapeutically exploited to ameliorate the anemic state.
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Figure 3. Therapeutic strategies targeting iron metabolism in cancer.
Cancer is often accompanied by anemia of chronic disease mediated by hepcidin 

upregulation. This can be ameliorated by iron supplementation or hepcidin capture. 

Moreover, TfR and Fpn expression are altered, increasing the intracellular labile iron pool. 

Pharmacological strategies explored for cancer therapy include targeting iron transporters 

overexpressed on certain cancer cells, ferroptosis induction as well as iron depletion to 

inhibit proliferation.
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Table 1
Pharmacological agents targeting iron metabolism

Name Type Mechanism Indication Clinical 
status

Trial Number Ref.

Therapeutics for iron deficiency conditions

Iron supplement for oral administration

Ferrous sulfate Iron salt Refills depleted iron 
stores

Iron deficiency 
anemia

Marketed NCT01904864 [28–32]

Ferrous gluconate Iron salt Refills depleted iron 
stores

Iron deficiency 
anemia

Marketed NCT01528644 [28–32]

Iron supplement for intravenous administration

Ferumoxytol Iron oxide 
nanoparticle

Refills depleted iron 
stores

CKD Marketed NCT01227616 [104]

Ferric 
carboxymaltose

Iron complex Refills depleted iron 
stores

Iron deficiency 
anemia

Marketed NCT03523117 [28–32]

Sodium ferric 
gluconate

Macromolecule Refills depleted iron 
stores

Iron deficiency 
anemia

Marketed NCT00223964 [28–32]

Hepcidin downregulation

LY3113593 Ant¡-BMPΘ 
antibodies

Binds/inhibits BMP6 CKD Phase 1 NCT02144285 [47]

Hepcidin capture

Anticalin Binds hepcidin Binds/inhibits 
hepcidin

CKD Phase 1/II NCT02754167 
(Ph. 1)
NCT03325621 
(Ph. II)

[49]

LY2787106 Anti-hepcidin 
antibody

Binds/inhibits 
hepcidin

Anemia of chronic 
disease

Phase 1 NCT01340976 [48]

Stimulation of erythropoiesis

Luspatercept Recombinant fusion 
protein

Ligand trap for TGF
beta superfamily

β-Thalassemia Phase III NCT02604433 [37]

Sotatercept Recombinant fusion 
protein

Ligand trap for TGF
beta superfamily

β-Thalassemia Phase II NCT01S71635 [38]

Gene therapy

OTL-300 Cells/Lentiviral 
vector

Cells genetically 
modified with a 
vector encoding 
human β-globin

β-Thalassemia Marketed NCT03275051 [116]

LentiGlobinR 
BB305

Cells/Lentiviral 
vector

Engineered 
hematopoietic stem 
cells with a 
functional version of 
human β-globin gene

β-Thalassemia Phase III NCT03207009 [114]

ST-400, CTX001 Cells/Vector Modified patients’ 
blood stem cells with 
disrupted BCL11A 
gene, induction of 
fetal hemoglobin 
synthesis

β-Thalassemia Phase I/ll CTX001: 
NCT03655678
ST-400: 
NCT03432364

[111], 
[112]

Therapeutics for iron overload conditions

Iron absorption

Esomeprazole Small molecule Proton pump 
inhibitor

β-Thalassemia Phase III NL6659 
(Netherlands trial 
Register)

[76]
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Name Type Mechanism Indication Clinical 
status

Trial Number Ref.

PT-2385 Small molecule Inhibits HIF2α
dependent genes

Hemochromatosis Preclinîcal NCT03108066 [77]

Ebselen Small molecule DMT1 inhibitor 
acting as a 
mimic of glutathione 
peroxidase

Alzheimer’s disease Preclinical Not listed yet [91],[92]

Iron binding

Deferoxamine 
(DFO),

Small molecule Iron chelation Secondary Marketed NCT00001203 [69]

Deferasirox 
(DFX),

Small molecule Iron chelation Hemochromatosis NCT00171171 [35]

Deferiprone (DFP) Small molecule Iron chelation NCT02189941 [69]

Triapine Small molecule Iron chelation, RR 
inhibitor

Cancer Phase II NCT00293345 [63]

Cefiderocol Small molecule Antibiotic
siderophore 
conjugate

Urinary tract 
infection

Phase II NCT02321800 [96]

Dpc Small molecule Iron chelation Cancer Phase 1 NCT02688101 [63]

Polymeric DFO Nanopartîcle Iron chelation Hemochromatosis Preclinical [69]

Hepcidin upreguiotion

TMPRSS6-LRX Antisense DNA 
oligonucleotide

Inhibition of 
TMPRSS6 
expression

β-Thalassemia Phase 1 NCT03165864 [70]

SLN124 GalNAcdouble
stranded siRNA 
conjugate

Inhibition of 
TMPRSS6 
expression

Hemochromatosis Phase 1 NCT04176653 [71], 
[72]

Antî-ERFE 15.1 Anti-ERFE 
antibody

Binds/inhibits ERFE β-Thalassemia Preclinical No listed yet [73]

Ferroportin downregulotion

VIT-2736 Anti-Fpn antibody Fpn inhibitor β-Thalassemia Phase 1 NCT04364269 [75]

Ferroptosis inducer

Sorafenib Small molecule Tyrosine kinase 
inhibitor, Inhibition 
of Xc-induced 
glutathione depletion 
and lipid 
peroxidation

Cancer Marketed [106]

Erastîn Small molecule Inhibition of Xc
induced glutathione 
depletion and lipid 
peroxidation

Cancer Preclinical No listed yet [106]

RSL3 Small molecule GPX4 inhibition, 
ROS production

Cancer Preclinical No listed yet [104]

Ferumoxytol Iron oxide 
nanoparticle

ROS production AML Preclinical No listed yet [105]
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