
Hepcidin: A potent antimicrobial peptide involved in iron homeostasis

Saiedeh Razi Soofiyani a,1, Elghar Soltani a,b,1, Masoomeh Kashef Nejad-Khelejani a,  
Reza Ghanbari c, Mohammad Yousef Memar d,*

a Clinical Research Development Unit, Sina Educational Research and Treatment Center, Tabriz University of Medical Sciences, Tabriz, Iran
b Department of Bacteriology and Virology, Faculty of Medicine, Tabriz University of Medical Sciences, Tabriz, Iran
c Department of Materials Science and Engineering, North Carolina State University, Raleigh, NC, USA
d Infectious and Tropical Diseases Research Center, Tabriz University of Medical Sciences, Tabriz, Iran

A R T I C L E  I N F O

Edited by Dominic Voon

Keywords:
Antimicrobial effects
Antimicrobial peptides
Hepcidin
iron homeostasis

A B S T R A C T

Antimicrobial peptides (AMPs) are involved in the innate immunity of human body to battle microbial patho
gens. In addition, human AMPs play also an important role in several biological procedures included cell pro
liferation, soft tissue damage healing and control of immune response. Hepcidin is a cysteine-rich 25-amino acid 
AMP produced by the liver and plays an important role in the control of iron homeostasis in the human body. 
Furthermore, its principal role in iron regulation, hepcidin is also an AMP with wide-spectrum antimicrobial 
effects on Gram-positive bacteria, Gram-negative bacteria, and fungi without triggering side effects in 
mammalian cells. Significantly, the bactericidal properties of hepcidin are dependent on the integrity of the 
disulfide bridges and precise folding of hepcidin. The aims of present study were review the biological effects 
specially role in iron homeostasis and antimicrobial effects of hepcidin.

1. Introduction

Antibiotic resistance is one of the main leading health challenges, 
which is associated with an increase in the death rate in patients and an 
increase in treatment costs (Hajibonabi et al., 2023; Khalili et al., 2019). 
There are few options to overcome the growing problem of antibiotic 
resistance (Memar et al., 2019). AMPs also known as host defense 
peptides (HDPs) are components of the innate immune mechanisms 
found a in variety of organisms (L.-j. Zhang and Gallo, 2016). Cysteine- 
rich AMPs are frequent in mammalian and plant tissues, play an 
essential key role in the host defense. Liver-expressed antimicrobial 
peptide (LEAP-1) is a cysteine-rich antimicrobial peptide, first isolated 
and characterized in human blood ultra-filtrate was nominated “hepci
din” because it's hepatic production and in vitro bactericidal properties. 
Hepcidin plays an important role in the control of iron metabolism, by 
suppressing post-translationally the iron exporter ferroportin (Hawula 
et al., 2019; Vela, 2018). Hepcidin production is triggered by high levels 
of iron and in the presence of infection or inflammation, while it is 

decreased in response to low levels of iron and hypoxia (Nemeth and 
Ganz, 2006; Viatte and Vaulont, 2009). Hepcidin synthesis is triggered 
by inflammatory mediators, which reduced the iron release from he
patocytes, macrophages and enterocytes, by degradation and internali
zation of ferroportin. As a result, the level of circulating iron is reduced, 
as well as its accessibility for bacteria (Barroso et al., 2021). However, as 
a long-term effect, this also reduce iron availability for erythropoiesis, 
caused a condition referred as “anemia of inflammation (Basseri et al., 
2013). Several studies have been also reported that hepcidin is aber
rantly produced in several human malignancies (J. Wang et al., 2021). 
Furthermore, its principal role in iron regulation and immune modula
tion effects, hepcidin is also an AMP with wide-spectrum antimicrobial 
effects on Gram-positive bacteria and Gram-negative bacteria, and fungi 
without triggering side effects in mammalian cells. Detailed knowledge 
of hepcidin biological effects may reveal its potential as therapeutic 
approach that can be useful to treating iron overload associated disor
ders as well infections and inflammation-associated anemia. The aims of 
present study were review the biological effects specially role in iron 
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homeostasis and antimicrobial effects of hepcidin.

2. Hepcidin structure

Hepcidin is a hormone with a structure of 25 amino acids in the 
human body, which has two different isoforms such as 20 and 25. 
Hepcidin is encoded by the Human HAMP gene (HAMP) which located 
on 19q13 of chromosome (Wojciechowska et al., 2021). HAMP gene 
expression is mostly occurred in the liver, however this expression have 
also been observed in heart, lungs, brain, trachea, tonsils, prostate 
gland, and salivary glands (Rauf et al., 2020). Preprohormone with 84 
amino acids and prohormone with 60 amino acids are the two other 
forms of hepcidin (Nemeth et al., 2004b; Pietrangelo and Trautwein, 
2004). The enzyme furin and α-1 antitrypsin convertase is required to 
convert the form of pro- hepcidin to hepcidin (Balogh et al., 2009; 
Pandur et al., 2009; Valore and Ganz, 2008). The N-terminal region of 
hepcidin -prepro hepcidin structure comprised of 24 signal peptide 
amino acids, C-terminal region has 20 to 25 mature amino acids, and 
other 35 amino acids are proregion (Rossi, 2005). However, only the N- 
terminus of hepcidin with 9 amino acids has the essential role in the 
hepcidin function (Preza et al., 2011). Moreover, the bacterial cell 
membrane has negative charge and the high density of lysine and 
arginine in hepcidin structure with positively charged chains made a 
feature to binds to bacteria and had antimicrobial effects (Park et al., 
2001; Rossi, 2005). Pro-hepcidin is formed by cleavage of prepro- 
hepcidin residue and the mature hepcidin with 25 amino acids which 
could be detected in blood and urine formed from four pro-hepcidin 
which some processing has been accomplished in amino terminal re
gion (Rossi, 2005). The 25 amino acid hepcidin comprises of 8 cysteine 
residues that 4 disulfide bonds make a linkage between them to preserve 
the hairpin tertiary structure (Wolff et al., 2018). According to the report 
of Hunter et al. (Hunter et al., 2002), the compacted folding of β-sheet 

and β-hairpin has been seen in the solution structure of hepcidin. 
Hydrogen bonds among the antiparallel peptide fragments of hepcidin 
strengthen its structure and create an amphipathic feature (Hunter et al., 
2002; Jordan et al., 2009). Iron metabolism is the main role of hepcidin 
in the human body. The interaction of hepcidin with iron export protein 
(ferroportin) is vital for iron metabolism and regulation. Ferroportin 
express on certain cells including duodenal, hepatocytes, enterocytes, 
reticuloendothelial cells, and placenta cells to export the iron from in
side to hepcidin (Fernandes et al., 2009). The regulation of ferroportin 
occurs by hepcidin in posttranslational level in such a way that after 
interaction of hepcidin with ferroportin. The ferroportin internalizes 
and the receptor ligand complex degrades. Disulfide exchange is 
required to bind hepcidin to ferroportin that this binding occurs between 
one disulfide linkage of hepcidin and exofacial ferroportin thiol segment 
C326. The cellular iron export terminate while the lysosome organelle 
degrade hepcidin-ferroportin after internalization (Fernandes et al., 
2009). In addition, the regulation of ferroportin expression occurs in
dependent of hepcidin. The cellular iron has been reported to be regu
lative in transcriptional and translational levels. The cytoplasmic iron- 
regulating proteins could be effective within translational levels and 
also regulated via binding sites on 5′-portion of ferroportin mRNA iso
forms (D.-L. Zhang et al., 2009).

3. Physiology role of hepcidin

Hepcidin has known as the principle iron metabolism regulatory 
mechanism in human blood circulating system (Fig. 1) (Wojciechowska 
et al., 2021).

4. Hepcidin-ferroportin interaction

Ferroportin is a protein transporter which is located on the specious 

Fig. 1. Hepcidin production is induced in hepatic cells in the response to iron sufficiency and inflammation. Hepcidin in turn decreases the ferroportin expression in 
the duodenum and reticuloendothelial system, leading to decreased gastrointestinal iron uptake, decreased release of iron from its stores, and reduced transferrin 
(TrFn) capacity.
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cell membrane and binds to hepcidin indirectly (Donovan et al., 2005). 
Ferroportin is expressed in three different cell categories particularly 
within cells related to reticuloendothelial system including enterocytes 
on the basolateral membrane, on erythrocytes located in the red bone
marrow, and in a less content on liver hepatocytes (Donovan et al., 2005; 
Kulaksiz et al., 2005; D.-L. Zhang et al., 2009). Hepcidin composes a 
complex with ferroportin via binding to it which this complex inter
nalize into the erythrocytes and hepatocytes and finally degrade with 
the enzymes of the lysosome organelle (Nemeth et al., 2004b). Hence, 
hepcidin send a signal to decrease the amount of ferroportin situated on 
cell membranes. Consequently, the intracellular iron storage raised by 
hepcidin while the outflow of iron from cells declined. The degraded 
ferroportin molecules need 48 h to resynthesize, hence in spite of the 
short half-life of hepcidin in cells, the efficacy of hepcidin on iron 
regulation spend 48 h.

5. Dietary iron absorption regulation

Hepcidin also reduces the dietary iron absorption by two methods 
such as cessation of ferroportin expression on enterocytes and blocking 
the divalent metal transporter 1 (DMT1) activity, indirectly (Donovan 
et al., 2005; Mena et al., 2008; Nemeth et al., 2004b). Fe2+ cations 
absorbed by a protein named DMT1 which is situated on the apex of 
enterocyte membrane (Gunshin et al., 2001). It expected that the iron 
excretion raises while the excessive amount of iron accumulated in 
blood or cells but any mechanism exists to excrete the extra iron (Nicolas 
et al., 2002a). The desquamation and microhemorrhages of small gut 
cells specially the duodenum are the only ways that the physiological 
iron losses occurs (Ganz and Nemeth, 2012). On the other hand, men
strual bleeding in adult women is the main source of iron loss.

6. Overloaded iron prevention by hepcidin

Hepcidin is required for prevention of overloaded iron by affecting 
the enterocytes. Hepcidin expedites the degradation and decrease the 
expression rate of DMT1 protein in enterocytes by using three different 
mechanisms. The first mechanism is the prevention of the Fe2+ ions 
outflow and its concentration increase within cytoplasm of enterocytes. 
Prolyl hydroxylases uses the superfluous iron to affect the proteolysis 
part of the hypoxia-inducible factor 2α (HIF2α) and this part activate the 
expression of DMT1 (Shah et al., 2009). In addition, two proteins called 
regulatory proteins 1 (IRP1) and regulatory proteins 2 (IRP2) stabilize 
the mRNA of DMT1. According to a previous study (Gunshin et al., 
2001) IRP1 and IRP2 inactivated while hepcidin binds to ferroportin so 
hepcidin could decline DMT1 translation. The ubiquitination and 
degradation of DMT1 accomplished whilst the hepcidin-ferroportin 
complex is formed (Brasse-Lagnel et al., 2011). In summary, there are 
two pathways for the reduction of blood iron by hepcidin which stim
ulate its sequestration in monocytes, macrophages, hepatocytes, and red 
cell precursors and also stop its absorption. Therefore, the extra iron 
inhibited by hepcidin, hence the incidence of transferrin-unbound iron 
restricted and subsequently restricts the ROS production (Ganz and 
Nemeth, 2012).

7. Hepcidin regulation by iron

The hepcidin mRNA expression increases by parenteral and oral iron 
dose (Nemeth et al., 2004a; Pigeon et al., 2001). Approximately, 5-fold 
increase has been observed in urinary hepcidin excretion of healthy 
volunteers which took an oral load of 65 mg of iron during one day 
(Ganz, 2011). The induction of hepcidin by iron concentration has been 
found to be feedback-regulated.

8. Hepatocyte hepcidin regulation

The hepatocyte hepcidin expression is controlled by the amounts of 

liver iron stores and transferrin-bound iron (Tf-Fe2) (Fig. 1) (Corradini 
et al., 2011; Hentze et al., 2010; Ramos et al., 2011)]. A hepatocellular 
complex comprises of hemochromatosis iron protein (HFE), transferrin 
receptor-1 and -2 (TfR1 and TfR2) senses the circulating transferrin 
concentration.

9. Hepcidin regulation by extracellular signal-regulated kinases

Two extracellular signal-regulated kinases such as i) BMP/SMAD 
pathway as the bone morphogenetic protein against decapentaplegic 
homolog (Drosophila) and ii) ERK/MAPK pathway as the mitogen 
activated protein kinase, decreased the hepcidin concentrations while 
some defects have been applied in HFE and TfR2. Hepcidin use BMPs, 
especially BMP-6 to communicate with intracellular iron stores. The 
hepatocellular BMP receptors bind to extracellular signaling molecules, 
which SMAD signal pathway is activated and then hepcidin transcrip
tion is increased.

10. Hepcidin regulation by hemojuvelin

To prevent the convergence of other hepcidin regulatory pathways at 
this membrane-bound protein, the presence of a BMP coreceptor, and 
Hemojuvelin (HJV) is necessary (Babitt et al., 2006). When the iron 
concentration is low, matriptase-2 cleaves the membrane-bound HJV. 
Hence, the BMP signaling is weaken via cleavage created by matriptase- 
2 (Finberg et al., 2010; Truksa et al., 2009). Other study reported that in 
mice and human with mutations in HJV, TfR2, and HFE genes, in spite of 
iron overload, the hepcidin is found to be insufficient (Ahmad et al., 
2002; Bridle et al., 2003; Huang et al., 2005; Kawabata et al., 2005; 
Niederkofler et al., 2005; Papanikolaou et al., 2004).

11. Hepcidin regulation by BMP/SMAD pathway

The bone morphogenetic protein 6 (BMP6)-SMAD1/5/8 pathway is 
now well-known as a central hepcidin regulation way in response to iron 
(Tselepis et al., 2010). In the cell membrane of hepatocytes, BMP type I 
and type II receptors with hemojuvelin (HJV) co-receptor bind to BMP6 
ligands to stimulate phosphorylation of SMAD1/5/8 proteins. Then, 
phosphorylated SMAD1/5/8 proteins made a complex with SMAD4 and 
the interaction of this complex with BMP responsive elements (BREs) on 
the hepcidin promoter needed for induction of hepcidin transcription. 
The binding site of BMP type 1 receptor and HJV have overlap, hence the 
crystal structure of HJV indicates how BMP bind to HJV (Healey et al., 
2015). One study suggested that for internalization of target ligands, 
BMPs need to bind to HJV on the cell membrane which in that stage, 
BMP type I switch HJV into the acidic endosomal environment to 
augment signaling (Healey et al., 2015). In liver nonparenchymal cells, 
BMP6 expression was induced via high level of liver iron, whereas the 
downstream SMAD1/5/8 phosphorylation potentiate with circulating 
iron induces independent of BMP6. Two other receptors including 
transferrin receptors 1 and 2 act as circulating iron sensors and for 
regulation of hepcidin expression by BMP-SMAD1/5/8 signaling, these 
receptors obligated to made a complex with HFE. On the other hand, 
negative regulation of BMP/SMAD pathway used while the body 
tolerate iron deficiency which HJV cleaved by the transmembrane serine 
protease 6 (TMPRSS6) to down regulate the hepcidin expression. HJV 
also interact with neogenin protein which seems to play a role in hep
cidin regulation (C.-Y. Wang and Babitt, 2016).

12. Hepcidin regulation by inflammation

Infection and inflammation in relation to inflammatory cytokines 
such as IL-1α, IL-1β, and IL-6 increase the hepcidin transcription by the 
JAKSTAT3 pathway (Melino et al., 2005). While IL-6 infused in volun
teer individuals, an increase of 7.5-fold has been observed in urinary 
hepcidin excretion during a time of 2 h. In addition, mRNA expression of 
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hepcidin induced by i) peptidoglycan or LPS of bacterial pathogens ii) 
direct impact of IL-6 iii) supernatants related to peptidoglycan- or LPS- 
stimulated macrophages. The anti-IL-6 antibodies could block the effect 
of this induction (Pak et al., 2006). Also in vitro condition, IL-1 cytokine 
increased the mRNA expression of hepcidin, however anti-IL-6 antibody 
suppressed this in human primary hepatocytes. On the other hand, the 
mRNA expression of hepcidin blocked by TNF-α in human related he
patic cells in vitro condition (Pak et al., 2006).

13. Hepcidin regulation by hypoxia

Hypoxia create a condition in hepatoma cell lines and animals that 
shown the hepcidin expression is significantly reduced (Lee and Beutler, 
2009). EPO expression also affected by hypoxia in such a way that EPO 
directly interacted with hepatocyte receptors (Pinto et al., 2008). 
Moreover, hypoxia-inducible factor 1 especially alpha subunit (HIF1α) 
induced via hypoxia which had a downstream effects on the promoter of 
BMP/SMAD signaling pathway (Lakhal et al., 2011; Silvestri et al., 
2008). On the other hand, HIFs could regulate hepcidin expression 
indirectly, while HIFs activity increased, matriptase-mediated cleavage 
hemojuvelin activity also increased and in the following hepcidin 
expression declined (Lakhal et al., 2011). In mice with mutation in the 
von Hippel–Lindau gene, the expression of HIF-1α raised and cause a 
reduction in hepcidin expression (Peyssonnaux et al., 2007). In addition, 
low level of both divalent metal transporter 1 and ferroportin have been 
reported in mice without intestinal HIF2. Although hepcidin expression 
reduced, iron absorption was also impaired in these mice 
(Mastrogiannaki et al., 2009). Moreover, stabilization of hypoxia signal 
via HIF1α inhibits the inflammatory cytokine IL-6-induced stimulation 
of hepcidin expression (Peyssonnaux et al., 2007).

14. Hepcidin regulation by anemia

Anemia due to inflammation or bleeding cause a reduction in hep
cidin mRNA expression (Nemeth and Ganz, 2006). The erythropoietin 
release is stimulated by the blood lose which rise the erythrocytes and 
decrease the hepcidin production. Erythroferrone which is known as a 
member of the C1q/TNF-related protein family, has a suppressive role 
on hepcidin expression (Kautz et al., 2014a; Kautz et al., 2014b). The 
production of erythroferrone is in the way which the erythropoietin sent 
a signal for production of erythroferrone in erythroblasts by the JAK2- 
STAT5 pathway (Kautz et al., 2014a). Erythroferrone uses an unclear 
mechanism distinct from the BMP-SMAD pathway to decrease the he
patic hepcidin mRNA (Kautz et al., 2014a). Markedly, a higher hepcidin 
amount has shown in mice without erythroferrone that create more 
severe anemia and more predominant iron restriction in AI (anemia of 
inflammation) mouse model (Kautz et al., 2014a). This report suggest 
that the production of erythroferrone assist to prevent delay in recovery 
from AI or acute blood loss anemia (Kautz et al., 2014a).

15. Regulation by erythropoietic signals

The low production of hepcidin has been shown via administration of 
erythropoiesis-stimulating agents (ESA) by in vitro and in vivo studies 
(Ashby et al., 2010; Nicolas et al., 2002b; Pinto et al., 2008; Vokurka 
et al., 2006). Recent studies have been reported that one or more pro
teins such as twisted gastrulation protein homolog-1 (TWSG1) and 
growth differentiation factor-15 (GDF15) produced and released at 
active site of EPO. These two functional proteins have been introduced 
as members of the transforming growth factor-β family and probably 
affects the BMP/SMAD pathway (Chou and Weiss, 2007; Pak et al., 
2006; Tanno et al., 2007). Although the effect of these two molecules 
plays an essential role in the reduction of hepcidin expression through 
erythropoietin, it seems that other additional erythropoietic factors are 
also needed to downregulating hepcidin expression (Kroot et al., 2011). 
In addition to the role of hepcidin in the regulation of systemic iron 

metabolism (Kroot et al., 2011) and the alteration of hepcidin levels by 
restricted erythropoiesis, anemia and iron overload (Agarwal and Yee, 
2019), hepcidin has known as an antibacterial peptide (Kroot et al., 
2011) with broad-spectrum antimicrobial activity against Gram-positive 
bacteria, Gram-negative bacteria and fungi (Barton and Acton, 2019).

16. The role of hepcidin with the microbiota

Gut microbiota plays a crucial role in liver pathophysiology, 
particularly in iron homeostasis mediated by hepcidin (Dostal et al., 
2013). The gut microbiota's composition influences iron metabolism and 
hepcidin regulation, which is essential for controlling liver fibrosis. Iron 
absorption occurs in the gastrointestinal tract. The availability and 
valency of iron can be influenced by microbiota composition, including 
the production of siderophores and chelating molecules (Chieppa and 
Giannelli, 2018). Vitamin B12, derived from gut microbiota, can influ
ence iron homeostasis and gut microbiota. Gut microbiota also controls 
iron storage and expression of intestinal iron absorption/exporter- 
mediated proteins, such as DMT1, Duodenal Cytochrome b (DCYTB), 
and ferroportin. Gut microbiota metabolites, such as 1,3-diaminopro
pane and reuterin, regulate iron homeostasis and alleviate tissue iron 
overload. Gut microbiota also induces hepatocyte hepcidin expression, 
with Bifidobacterium longum and Bacteroides fragilis upregulating it 
through macrophage-stimulated signaling with IL-1β (Yilmaz and Li, 
2018). A study found that gut microbiota can induce hepcidin expres
sion in hepatocytes through macrophage-stimulated BMP/SMAD 
signaling with IL-1β (Shanmugam et al., 2015). This could be different 
between humans and mice(Shanmugam et al., 2015). Gut microbiota 
also induces hepcidin from non-hepatocyte sources, such as conven
tional dendritic cells (cDCs), which help repair tissue in the inflamed 
intestine. This hepcidin, produced from cDCs, limits intestinal iron 
availability and tissue infiltration, providing protection against systemic 
infection. The bidirectional crosstalk between gut microbiota and the 
host for iron acquisition and metabolism is crucial for shaping both the 
host and gut microbiota's metabolism. This interaction affects iron 
levels, immune system, and glucose metabolism, which is linked to 
metabolic syndrome (Mayneris-Perxachs et al., 2022).

Iron overload is a risk factor for diabetes, and hepcidin and insulin 
regulate these processes. A Chinese herbal compound, Salidroside, has 
been shown to control glucose levels in diabetic mice by targeting gut 
microbiota and iron metabolism(Shi et al., 2022). This correlation could 
be useful for designing therapeutic strategies for metabolic syndrome. 
Gut microbiota plays a crucial role in driving the gut-liver axis, poten
tially influencing hepcidin expression through systemic immunity and 
liver exposure, influencing liver fibrosis physiology and pathophysi
ology(Ahmadi Badi et al., 2024; Kania et al., 2023).

17. Antimicrobial effects of hepcidin: mechanism and spectrum 
of antimicrobial effects

Hepcidin is one of these peptides with interesting biological func
tions (Nemeth et al., 2004b). Hepcidin was discovered as an antimi
crobial peptide expressed by the liver and named hepcidin because of its 
bactericidal and fungicidal properties (Park et al., 2001). Human hep
cidin is highly expressed in the liver, moderately expressed in the heart 
and brain and less expressed in other organs and it is found in urine, 
plasma, bile, saliva, ascites, pleural effusions and cerebrospinal fluid. In 
mammals, hepcidin has two main functions including the regulation of 
iron homeostasis and as innate antimicrobial agent. Hepcidin controls 
iron export from absorptive enterocytes, hepatocytes, and macrophages 
into the circulation through inactivation of ferroportin, thereby regu
lating iron homeostasis (Barton and Acton, 2019). As AMP, hepcidin 25 
shows broad antimicrobial activity against Gram-positive bacteria (such 
as Staphylococcus aureus, Staphylococcus epidermidis, Enterococcus fae
cium and group B Streptococci), Gram-negative bacteria (including 
Pseudomonas aeruginosa, Escherichia coli, Acinetobacter baumannii) and 
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fungi (such as C. albicans, Aspergillus fumigatus, Aspergillus niger and 
Saccharomyces cerevisiate) without toxic effects on mammalian cells 
(Chen and Lan, 2020). Hepcidin-25 and hepcidin-20, synthetic human 
hepcidins, exhibit antimicrobial properties and kill clinically isolated 
bacteria within 30–90 min (Maisetta et al., 2013). Hepcidin-25 is a 
circulating peptide hormone with a central role in iron homeostasis 
secreted primarily, but not exclusively, by hepatocyte that regulates the 
plasma iron levels in humans (Maisetta et al., 2010). Its isoforms, 
hepcidin-20 and hepcidin-22, are conjectured to be hepcidin-25 break
down products and lacked the first five and three N-terminal amino 
acids respectively (Tselepis et al., 2010). Hepcidin-20 and hepcidin-22 
are found in the urine and present only in serum of patients with high 
hepcidin-25 concentrations in diseases such as metabolic syndrome, 
acute myocardial infarction (AMI), sepsis, anemia of chronic disease 
(ACD) and chronic kidney disease (Kroot et al., 2011). However, 
hepcidin-20 is not involved in iron regulation (Park et al., 2001) and 
bacterial killing is more excellent with hepcidin-20 and more fast at 
acidic pH (Maisetta et al., 2013).

Due to the presence of lipopolysaccharides and surface phospho
lipids in Gram-negative bacteria (Malanovic and Lohner, 2016) and 
phosphodiester bonds between surface teichoic acids in Gram-positive 
bacteria the net surface charge of these bacteria is negative (Neuhaus 
and Baddiley, 2003). Therefore, hepcidin binds to the outer membrane 
of bacteria and the cell membrane of viruses and fungi, which have a 
negative charge, and through interference with the membrane, it leads 
to its destruction and ultimately the destruction of the bacteria (J. Zhang 
et al., 2014). In addition, hepcidin kills bacteria by interacting with 
bacterial DNA and hydrolyzing it (Álvarez et al., 2014). The role of 
hepcidin in various bacterial infections is summarized in Table 1. On the 
other hand, many microbes need iron for their growth and pathoge
nicity. Hence, over time, the reduction of extracellular iron concentra
tion has evolved as a host defense mechanism against infection 
(Weinberg, 2009). Iron in iron-binding proteins, such as ferritin, trans
ferrin, lactoferrin or ovotransferrin, is not readily available and is not 
readily uptaceked by microbes. Hepcidin reduces iron levels in the blood 
by preventing the release of iron from intracellular sources to protect 
against infections by degradation of ferroportin. Inflammation and 
infection increase the production of IL-6 and TNF-alpha. IL-6 regulates 
hepcidin directly through induction and direct binding of signal trans
ducer and activator of transcription 3 (STAT3) to the hepcidin promoter 
(Wrighting and Andrews, 2006). Janus kinase (JAK) signal transducer 
and bone morphogenetic protein (BMP) signaling is also required for 
hepcidin induction during inflammation (Michels et al., 2015). Thus 
hepcidin-mediated hypoferremia acts as a host defense mechanism that 
evolved to limit iron availability and reduce pathogen growth (Ganz, 
2009; Michels et al., 2015). In contrast, hepcidin may be detrimental in 
defense against pathogens that colonize inside macrophages due to iron 
accumulation in macrophages. Although this effect is not supported by 
in vivo data, it has been convincingly demonstrated in laboratory con
ditions (Ben-Othman et al., 2014; Chlosta et al., 2006; Kim et al., 2014). 
Hepcidin expression has been described in different epithelial barriers 
that are commonly attacked by microbial pathogens, including airway 
epithelial cells, gastric parietal cells and renal distal nephron. However, 
the necessity of hepcidin for defense of epithelial layers to pathogens 
infection has not well studied.

18. Hepcidin effects on immunity response and inflammation

Hepcidin is a key player in iron metabolism and innate immune 
response to infection and inflammation. It binds to ferroportin, causing 
internalization and lysosomal degradation, reducing iron egress from 
enterocytes and macrophages, resulting in hypoferremia (Nemeth et al., 
2004a). This systemic iron retention depletes circulating iron available 
to extracellular pathogens. Disruption of the hepcidin/ferroportin axis 
impacts susceptibility to bacterial and viral pathogens. Hereditary dis
eases of iron overload, such as Types IIII and IV, are characterized by low 

levels of hepcidin, over-expression of ferroportin, macrophage iron 
depletion, and hyperferremia(Johnson and Wessling-Resnick, 2012). 
The expression of hepcidin could be regulated by inflammation via the 
Janus kinase/signal transducers (JAK/STAT), its transcription activators 
(JAK/STAT) and BMP/SMAD signaling pathways (Babitt et al., 2006). 
Hepcidin which generated by hepatocytes creates an important linkage 
between inflammation, iron metabolism and immune response 
(Campos-Sánchez et al., 2024). The liver is the critical organ in naïve 
immunity which synthesize the acute-phase proteins in response to the 
inflammatory states. The acute-phase response is the main pathophysi
ologic event that associates with inflammation (Pigeon et al., 2001). 
During inflammation the inflammatory cytokines (IL-1β, IL-6, TGF-β, 
TNF-α and IFN-γ) are produced by macrophages and monocytes and 
induce acute-phase protein generation. Among the inflammatory 

Table 1 
The role of hepcidin in various bacterial infections.

Affected cells 
or pathways by 
hepcidin

Infections Mechanism of 
action

Ref

Hypoferremia Acute bacterial 
infection

Increasing hepcidin 
expression, causing 
hypoferremia by 
mediating 
Interleukin-6 and 
the bone 
morphogenetic 
protein pathway of 
hepcidin 
transcription

(Arezes et al., 
2015)

Macrophages Acute intracellular 
bacterial infection

Inducing hepcidin 
expression and iron 
sequestration in 
macrophages, 
promoting iron 
retention via its 
action on 
ferroportin 
especially 
ferroportin on the 
cell surface and 
controlling of 
intracellular 
bacterial 
proliferation

(Sow et al., 2007; 
Sow et al., 2011; 
Theurl et al., 
2008; Z. Zhang 
et al., 2011)

Neutrophils Intraperitoneal 
infections of Group 
A Streptococcus or 
Pseudomonas 
aeruginosa.

Increasing 
Neutrophil 
expression of Toll- 
like receptor 4 
(TLR4)-dependent 
hepcidin-1 in 
marrow and skin 
ulcers, producing 
large quantities of 
lipocalin-2 (an 
innate immunity 
Protein) that binds 
bacterial 
catecholate 
siderophores and 
reducing bacterial 
proliferation

(Peyssonnaux 
et al., 2006; Saha 
et al., 2017)

Direct killing of 
bacteria

Gram-negative and 
Gram-positive 
infections

Attachment of 
hepcidin (cationic 
molecules) to 
bacterial 
membranes with 
negative surface 
charge in Gram- 
negative and Gram- 
positive bacteria 
and destruction of 
the lipid bilayer and 
cell rupture

(Brogden, 2005; 
Hunter et al., 
2002; Malanovic 
and Lohner, 
2016; Neuhaus 
and Baddiley, 
2003)
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cytokines, IL-6 is a key stimulator of hepcidin synthesis in inflammatory 
state, whereas IL-1/TNF-α did not affect synthesis of hepcidin in 
inflammation (Malyszko and Mysliwiec, 2007), IL-6 attaches to IL-6 
receptor, starting a JAK/STAT signaling pathway by phosphorylating 
STAT3. Phosphorylated STAT3 translocate into the nucleus and induces 
hepcidin expression in a SMAD-dependent manner (2). The BMP-6 
signaling is activated through interaction of BMP-6 by BMPR receptor. 
BMPs could transduce signal via SMAD-independent pathways, partic
ularly through mitogen activated protein (MAP) kinases. SMAD com
plexes attach to BMP-responsive elements and transude the signals (3). 
Tumor necrosis factor (TNF), IL-6 and pathogens induce synthesize of 
hepcidin through STAT-3 activation. LPS/HMGB1 stimulates the hep
cidin expression in macrophages (4). In inflammation, the synthesis of 
hepcidin is dysregulated. The production of hepcidin by hepatocytes is 
controlled by IL-6 via the STAT-3 signaling pathway in inflammatory 
state. Toll-like receptor ligands as inflammatory stimulants, suppress the 
ferroprotein expression levels and reduces the cellular iron export to the 
blood circulatory system. Previous investigations indicate that sup
pressing BMP receptor signaling block IL-6 mediated expression of 
hepcidin (Babitt et al., 2007). The upregulation of hepcidin in inflam
matory state may acts a defense mechanism against pathogens, as iron is 
the main cofactor for some microorganisms proliferation and growth 
(Wunderer et al., 2020). The overexpression of hepcidin in inflammation 
is a known mechanism, which causes iron starvation in cancer cells. 
However, hypoferremia induced by hepcidin in the long term could lead 
to anemia of chronic disease.

19. Oncogenic properties of hepcidin

Iron is a critical trace element and main component of metabolism. 
The iron overload leads to inflammation, cell death, and malignancy. 
Hepcidin regulates the iron homeostasis through regulating duodenal 
iron absorption and iron efflux from the cells including enterocytes, 
macrophages and hepatocytes (Ganz and Nemeth, 2012). In cancer cells, 
the transferrin receptors is overexpressed and high level of hepcidin 
blocks ferroportin which causes the accumulation of iron in the cell 
(Torti and Torti, 2013). hepcidin is the ferroportin-1 negative regulator 
which is deregulated in malignancies (Pinnix et al., 2010; Ward et al., 
2008; Wu et al., 2014). Liver produces hepcidin and releases it into the 
circulation in reaction to inflammatory signals, iron, and oxygen. The 
hepatocyte cell surface proteins like HFE, transferrin receptor 2, 
hemojuvelin, TMPRSS6 and the IL-6R regulate hepcidin level (Fischer- 
Fodor et al., 2015).

Several studies have been shown that serum hepcidin level is 
increased in patients with different type of cancers including breast 
cancer, ovarian cancer, gastric cancer, renal cell carcinoma, urotelial 
cancer, prostate cancer, hepatocellular carcinoma, multiple myeloma 
and non-Hodgkin's lymphoma (Abd Elmonem et al., 2009; Lamy et al., 
2014; Macciò et al., 2015; Mei et al., 2014; Tanno et al., 2011; Tisi et al., 
2014; Traeger et al., 2019). Further systemic hepcidin, cancer cells such 
as prostate, beast and gastric cancer cells synthesize high level of hep
cidin by selves compared with non-cancerous cells (Pinnix et al., 2010; 
Tanno et al., 2011; Tesfay et al., 2015). The various signaling pathways 
regulate hepcidin expression that bone morphogenetic protein (BMP), 
interleukin-6 (IL-6) and WNT pathways play a critical role among others 
(Anastas and Moon, 2013; Blanchette et al., 2016). The signaling path
ways disruption in the cancer cells affect the hepcidin expression (S. 
Zhang et al., 2014). For example, BMP, IL-6, and Wnt signaling leads to 
overexpression of hepcidin in prostate cancer (Tesfay et al., 2015). 
Dysregulation of hepcidin expression in cancer cells affect the iron ho
meostasis. High plasma level of hepcidin obstacle the iron mobilization 
from circulation to enterocytes and macrophages which contributes to 
anemia in malignancies. The cancer development and progression en
hances the intracellular iron need (F. Wang et al., 2017). The documents 
prove that patients with cancer experience anemia. Also, high plasma 
level of hepcidin which is the result of signaling pathways activation led 

to iron accumulation in cancer cells via degrading of ferroportin-1and 
contribute in cancer progression(Kamai et al., 2009). A local autocrine 
signaling initiated by hepcidin which synthesize by tumor cell degrade 
membrane FPN(Pinnix et al., 2010; Tesfay et al., 2015). Overexpression 
of hepcidin in cancers has been correlated with tumor growth, poor 
prognosis and outcome(Zuo et al., 2018). Previous studies indicate that 
the hepcidin pro-oncogenic property may related to its ability to elevate 
intracellular iron content in cancer cells through initiating ferroportin-1 
internalization and degradation (Manz et al., 2016). Previous in
vestigations showed that different BMPs are the main regulator of the 
hepcidin expression in cancerous tissues. Although BMP6 is the major 
BMP which regulates hepcidin expression, other BMPs are able to 
stimulate hepcidin expression(Vela and Vela-Gaxha, 2018). Superfluous 
amount of iron significantly stimulates BMP6 synthesis in breast cancer 
tissues (Saneela et al., 2019). The local expression of BMPs, particularly 
BMP4/BMP7, are associated with prostatic hepcidin expression, how
ever prostatic hepcidin expression may be affected by BMP6 which is 
generated via signaling from bone stromal cells (BSCs). Moreover, the 
high expression of BMP7 level leads to overexpression hepcidin in 
prostate cancer, mainly in metastasis stage(Tesfay et al., 2015). In 
multiple myeloma patient's hepcidin is overexpressed through IL-6 – 
dependent/independent pathways which may cause anemia. The IL- 
6–independent pathway may induce the BMP-2 expression that stimu
lates hepcidin production by hepatocytes synergistically with IL-6 
(Kroot et al., 2011).

20. Hepcidin disadvantages, side effects and limitation

Hepcidin is the key regulator of uptake and release of iron in the 
human body and is an AMP (Álvarez et al., 2014; Hoffmann et al., 2021). 
Plasma hepcidin concentration increases with iron overloading and 
inflammation and suppresses by erythropoietic accumulation and 
pregnancy (Nemeth and Ganz, 2023). Many diseases are associated with 
insufficient/lack of hepcidin production in the body and excessive 
hepcidin production levels. Hepcidin deficiency causes hereditary he
mochromatosis, iron-loading anemia and hepatitis C infection whereas 
hepcidin excess causes anemia of inflammation, Chronic kidney disease 
(CKD) and iron refractory iron deficiency anemia (Subha Palaneeswari 
et al., 2013).

AMPs (such as hepcidin) despite their potential abilities including 
their rapid killing kinetics, broad spectrum bactericidal activity, good 
safety and tolerability profile, immunomodulatory action, low resis
tance mechanism and predictable metabolism, they still have several 
limitations for clinical application including cytotoxicity against 
eukaryotic cells, short half-life, limited stability at ambient tempera
tures, low oral availability, high production costs and inactivation under 
various physiological conditions such as low pH, high ionic strength and 
blood components (Kang et al., 2014; Mahlapuu et al., 2020). Natural 
hepcidin is too expensive for human application and has undesirable 
pharmacologic properties (Preza et al., 2011) Thus mini-hepcidin de
rivatives was designed by Preza et al. based on the hepcidin mutagenesis 
and the hepcidin-binding region of ferroportin and computer modelling 
of their docking. Mini-hepcidin derivatives have strong bioactivity in 
vitro and in vivo that the presence of thiol-free-cysteine group at site 7 
for amino acids in the chemical structure of mini-hepcidin, is vital for its 
bioactivity. The thiol group is not preferred in the pharmaceutical field 
due to skin side effects and interaction or oxidation depending on the 
conditions of the reagents to give different Cys derivatives (Abbas et al., 
2020). Therefore, Fung et al. have protected the thiol group by activated 
vinyl thioethers with the preserve of their bioactivity to maintain the 
dynamic activity of the mini-hepcidin and to diminish this interactions 
(Fung et al., 2015).

21. Conclusion

Hepcidin is an AMPs that is triggered in the response to invasive 
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bacterial pathogens. Hepcidin limits microbial growth by decreasing 
iron levels of plasma and extracellular biofluids, and inhibit microor
ganisms. In addition, hepcidin is a cationic molecule and may directly 
interacts with bacterial membrane, which cause disruption of the 
membrane lipid bilayer and cell lysis. Hepcidin expression is powerfully 
promoted in response to inflammation, and it may involve in the pro
gression of some of infections. The potential role of hepcidin in animal 
models of intracellular pathogens should further describe the intricate 
interaction between iron deficiency and pathogenesis of some human's 
infections. Clinical trials may offer further significant insights to study 
the potential role of hepcidin agonist treatment of patients with iron 
excess or complicated infection, nevertheless of iron status.
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