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Abstract
Much has been achieved over the past three decades in the quest to understand iron homeostasis and the mechanisms governing it.  Several proteins including 
hepcidin, ferroprtin, transferrin receptors, and ferritin have been identified as key players in iron metabolism and homeostasis.  This has provided for a thorough 
revisiting of the role of iron in various disease states including cancer, cardiovascular diseases, and susceptibility to infection to name few.  Regarding the later, although 
the idea that iron is essential for microbial pathogenesis has been known for a long time, knowledge regarding key mechanisms employed by pathogens to extract iron 
and counter mechanisms employed by the immune system to sequester iron has expanded in a significant way.  Furthermore, there is renewed interest in the role of 
iron in immunity and the extent and ramifications of the reciprocal effects of either on the other.   This mini-review starts by introducing the reader to the basics of 
iron metabolism and goes on to briefly, but non-exhaustively, recount the epic fight for iron between pathogen and host.    

Background
The discovery that iron regulates ferritin mRNA translation [1] and 

the subsequent identification of several key genes and proteins involved 
in iron metabolism has marked the start of a new age for iron biology. 
Owing to its unique electrochemical properties, iron functions as a 
redox active cofactor in a wide array of biological processes. Cellular 
and secreted enzymes and proteins that use iron as a cofactor are 
involved in all aspects of cell metabolism including cellular respiration, 
DNA replication, gene expression, cell cycling, cell signaling and 
apoptosis among others. Iron also serves as a sensor of cellular redox 
status; that is, iron-based sensors use iron-containing molecules 
(heme, Fe-S clusters, mononuclear iron, etc.) as switches to regulate 
protein activity in response to changes in cellular redox balance 
[2]. Hence, iron deficiency associates with a wide range of adverse 
health consequences including anemia and compromised immunity. 
Excess iron on the other hand, which under aerobic conditions drives 
the propagation and generation of oxygen and hydroxyl free radicals, 
associates with compromised immunity, cancer, cardiovascular disease, 
and inflammation among other disease states. Renewed interest in iron 
biology in recent years has deepened our understanding of how iron 
metabolism is regulated and has also provided for a more systematic 
approach to address the role of disrupted iron homeostasis in disease.

Iron homeostasis: the basics: Mammalian systems have evolved 
intricate mechanisms to maintain iron homeostasis and to tightly 
regulate iron absorption and release (Figure 1). Ferroportin (FPN) 
channels on enterocytes and macrophages efflux intracellular ferrous 
iron into the circulation, first to be instantaneously oxidized by 
ceruloplasmin and/or hephaestin and then loaded onto transferrin 
[3]. The ferric-transferrin complex is subsequently delivered to target 
cells by endocytosis through transferrin receptor 1 (TfR1; CD71). FPN 
expression is negatively impacted by the hepatocyte-derived peptide 
hormone hepcidin, which triggers the internalization, phosphorylation 
and degradation of FPN [4]. Increased demand for iron therefore 
downregulates hepcidin synthesis by upregulating the transcription of 
hypoxia inducible factor 1α (HIF-1α) [5] and the growth differentiation 
factor 15 (GDF15) [6] among other mechanism [7]. In contrast, ferric-

transferrin complex in excess induces the disengagement of the human 
hemochomatosis (HFE) protein from TfR1 and its engagement with 
TfR2, an event that upregulates hepcidin synthesis [4,8]. Inflammatory 
cytokines (IL-6 and IL-1) [9,10] and innate immunity receptors (toll-like 
receptor 4; TLR-4) [11] can also upregulate hepcidin gene expression 
as means of intracellular iron sequestration during infection. 

In addition to changing demand and inflammation, mounting 
evidence suggest that iron homeostasis can be influenced by estrogen 
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Figure 1. Basic aspects of iron metabolism regulation in body cells. TF, transferrin; TFR, 
transferrin receptor; FPN, ferroportin.   
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reductase [25] and iron-chelating siderophores and hemophores (e.g. 
desferricoprogen, desferrichrome, desferrirubin, and desferrichrysin) 
[26]. Therefore, high-affinity iron scavenging by siderophores is a 
well-recognized virulence determinant in microbial pathogenesis 
in mammals [27]. High pathogenicity islands in pathogenic strains 
of Yersinia and several members of the enterobacteriaceae use the 
iron acquisition molecule yersiniabactin to chelate iron from host 
proteins [28].  Increased synthesis of proteins involved in iron-uptake 
and utilization has been documented in human blood cultures of 
methicillin-resistant Staphylococcus aureus [29]. Better protection 
against mucormycosis was achieved in immunocompromised hosts 
by using the non-siderophoric deferasirox in place of the siderophoric 
iron chelator deferoxamine [30].  Susceptibility of liver transplant 
patients to invasive aspergillosis, cryptococcosis, and zygomycosis has 
been shown to correlate with iron overload [31]. Use of deferasirox 
in conjunction with liposomal amphotericin B has also been shown 
to improve treatment outcome by increasing survival and reducing 
fungal burden in mice with invasive pulmonary aspergillosis (IPA) 
[30,32]. Proteomic analysis has shown that the expression of proteins 
involved in iron acquisition by the marine bacterium Vibrio vulnificus 
significantly increases during the early-middle growth phase of the 
pathogen [33].  Secreted glutathione-dependent ferric reductase activity 
in Histoplasma capsulatum was shown to aid in iron acquisition and 
sequestration and hence pathogenesis over a broad pH range [34].

Iron acquisition systems in pathogens not only help the pathogen 
to grow and become more virulent, but also suppress host immunity. 
Several gastrointestinal microbes have been reported to sequester iron 
from the host in order to disrupt the activity of phagocytes that require 
iron for the production of hydroxyl radicals and superoxide reactions 
as means of microbial killing [35]. Furthermore, siderophores like 
desferrioxamine (DFO), desferrichrome (DFC), desferriaerobactin 
(DFAB) and desferrienterobactin (DFEA) enhance the virulence of 
pathogens [36-38] by helping the pathogen acquire iron and induce 
immunosuppression in the host [37].

Notwithstanding the fact that iron is critical for immune cell 
proliferation and activation, iron overload resulting from dietary 
excess, abnormal hemolysis or inherited disorders often associates with 
immunosuppression and increased susceptibility to infection [39, 40-
42].  The immunosuppressive effects of iron on immunity manifests 
in a whole host of innate and adaptive responses. In that, increased 
iron concentration in HepG2 cells infected with C. trachomatis 
show reduced indoleamine 2,3-dioxygenase (IDO; the enzyme that 
catalyses tryptophan metabolism) expression and diminished potential 
to inhibit the infection through IFN-γ [43]. Iron overload in liver 
transplant recipients has been reported to minimize the need for 
immunosuppressive therapy [44]. Upregulated expression of genes 
involved in iron metabolism, increased serum levels of hepcidin 
and ferritin, and hepatocyte iron deposition has been observed in 
such patients [44]. This suggests that endogenous iron may exert 
immunosuppressive effects at a level high enough to allow for graft 
survival without the need for immunosuppressive therapy. Iron-
overloaded mice with experimental candidiasis fail to mount strong 
candidacidal responses; neutrophils and macrophages in such mice 
show reduced ability to produce nitric oxide and IL-12 [45].  However, 
treatment with deferoxamine helps to resolve the infection, restore 
phagocytic function and re-direct Th differentiation from a non-
protective (IL-4 producer) to a protective (IFN-γ producer) phenotype [45].  

More on the relationship between iron and immunity
The identification of key genes involved in iron regulation and 

(17-β estradiol, E2). Ovariectomy in rodents associate with decreased 
serum iron, iron binding capacity, and iron response protein-1 binding 
activity [12]. In contrast, oral contraceptives in humans [13] and E2 
treatment in ovariectomized mice [14,15] associate with increased 
levels of serum iron and total iron-binding capacity [16]. Additionally, 
the expression of several proteins involved in iron metabolism increases 
under the influence of E2 [15]. The exact mechanism as to how estrogen 
enhances serum iron availability is not well understood.  However, 
recent in vitro work has suggested that E2 treatment reduces hepcidin 
synthesis in hepatocyte-derived cells (HepG2) [16], as well as breast 
(MCF-7) and ovarian (SKOV-3) adenocarcinomas [17]. In HepG2, 
the ability of E2 to downregulate hepcidin synthesis was shown to be 
dependent on E2 binding to estrogen response elements (EREs) in the 
hepcidin gene [16], an effect which can be reversed by ICI 182780 (an 
E2 antagonist). E2 treatment in vitro was also shown to enhance the 
expression of HIF-1α in the ovarian cancer cell lines ES-2 and SKOV3 
by activating the serine/threonine kinase signaling pathway [18]. 
Although HIF-1α induces the expression of the neovascularization 
angiogenic protein VEGF [19] which enhances cancer development 
and progression, HIF-1α also downregulates hepcidin synthesis [20], 
hence its role in intracellular iron modulation. E2 has also been shown 
to inhibit the release of several cytokines including IL-1, IL-6, IL-22, 
TGF-β1, and TLR5, at least some of which (IL-1 and IL-6) are known 
to upregulate hepcidin synthesis [21]. By downregulating hepcidin 
synthesis and upregulating FPN expression, E2 treatment was recently 
reported to enhance labile intracellular iron efflux in MCF-7 and 
SKOV-3 cells [22] (Figure 2).

Infection, immunity and the fight for iron: Owing to its significant 
redox potential, iron availability is essential for both pathogen and host 
immunity. Iron enhances the growth and virulence of pathogens; at 
the same time, it is essential for the activation and proliferation of 
immune cells [23].  Therefore, iron deficiency negatively affects the 
pathogen and the host, albeit more so in the case of host immunity. 
This partially explains the well-documented observation that patients 
with iron deficiency exhibit increased susceptibility to infection.  Iron 
overload also seems to favor the pathogen, as it tends to suppress host 
immunity [23]. At homeostatic conditions however, with the primary 
phase of microbial infections ensues a bitter fight for iron. Immune 
cells fight to sequester iron by upregulating the expression of IL-1 
and IL-6 among other mediators that enhance hepcidin synthesis and 
block intracellular iron efflux [22].  By doing so, innate immunity 
deprives the pathogen of badly-needed iron and arrests its growth and 
dissemination [24]. To counter such an inflammation-dependent iron 
sequestration response, pathogens have evolved an exquisite ability 
to chelate iron from heme and other molecules by expressing ferric 

Figure 2. A proposed mechanism to explain how estrogen could be involved in regulating 
iron homeostasis.  E2, estrogen; ER, estrogen receptor; ERE, estrogen response elements.
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homeostasis in various types of immune cells including T cells and 
macrophages has expanded our knowledge of the relationship between 
immunity and iron. Now, it is becoming clear that both iron and the 
immune response differentially and reciprocally interact with one 
another. That is, immunity plays a considerable role in managing 
intracellular iron and in responding measurably to changing levels of 
systemic iron. On the other hand, iron and iron regulatory proteins 
modulate the immune response at different levels and in different 
contexts. Several studies have shown that immune cells do participate 
in iron homeostasis in general. That said, much remains to be done 
to fully appreciate the extent of such interactions and their effects on 
the immune response and on iron homeostasis.  This notwithstanding, 
the short discussion below is only meant to introduce the reader 
to this emerging area in immunological and iron biology research. 
Lactoferrin (an iron binding, transport and storage protein)exerts 
significant immune-regulatory effects on Th1/Th2 cell activities [46]. 
Transferrin in macrophages and T lymphocytes [47] has proven 
essential for early T-cell differentiation [48]. Transferrin receptor 
1 (TfR1) has been shown to be critical for DNA synthesis and cell 
division in T lymphocytes [49]. Both macrophages and T lymphocytes 
have been shown to express significant levels of the iron storing protein 
ferritin (FT) [50-51]. Expression of Nramp1 (SCLA11) and Nramp2/
DMT-1 on late phagosome was reported to enhance resistance to 
intracellular pathogens [52-53]. The intracellular iron efflux protein 
FPN1 (FPNIREG1) was shown to downregulate during microbial 
infections in a TLR4-dependent manner [54]. Hemochromatosis (iron 
overload) was reported to often associate with disrupted hepcidin 
gene expression [55]; hepcidin is an antimicrobial peptide and a key 
regulator of iron homeostasis [56]. The ability of IL-1 and IL-6 to 
enhance hepcidin synthesis and downregulate FPN expression seems 
to be instrumental in depriving pathogens of badly-needed iron 
during infection [21,57]. Targeted disruption of heme-oxygenase 1 
(Hmox1; the enzyme that neutralizes iron) in mice was reported to 
induce iron overload [58]; high CD4/CD8 ratios with activated CD4+ 
cells were documented in these mice. Lastly, MHC-class I deficient 
mice tend to develop hepatic iron overload [59] and show reduced 
protection against viral infections due to their inability to present viral 
peptides to host antigen presenting cells (APCs) [60].
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