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Abstract In the last 20 years, several new genes and
proteins involved in iron metabolism in eukaryotes,
particularly related to pathological states both in
animal models and in humans have been identified,
and we are now starting to unveil at the molecular
level the mechanisms of iron absorption, the regula-
tion of iron transport and the homeostatic balancing
processes. In this review, we will briefly outline the
general scheme of iron metabolism in humans and
then focus our attention on the cellular iron export
system formed by the permease ferroportin and the
ferroxidase ceruloplasmin. We will finally summarize
data on the role of the iron binding protein lactoferrin
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Introduction

Little is fundamental for living organisms such as iron,
as only members of the Lactobacillus and Bacillus
families can sustain life without this metal. Many
biological pathways exploit its ability to accept and
donate electrons by redox-cycling between the Fe(Il)
and Fe(Ill) forms. In fact, iron is involved in (and
drives) a number of pivotal processes, most notably
including electron transport and DNA synthesis and,
in multicellular eukaryotes, oxygen transport/storage
and drug detoxification. However, iron is toxic when
in excess.

Any defect impairing iron metabolism has severe
consequences at both cellular and systemic levels. In
humans, the loss of regulation of iron metabolism can
lead to development of iron overload as seen in
hereditary hemochromatosis, a common inherited
disorder that often results in progressive organ
dysfunction. Excess iron is mainly stored in macro-
phages and hepatocytes. When tissue storage capacity
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is saturated, free iron catalyzes the formation of
reactive oxygen species (ROS), which are causative of
tissue fibrosis and lead to clinical consequences of
liver failure, cardiomyopathy, and endocrinopathies.
On the other hand, when iron becomes chronically
scarce different pathological states can develop, such
as the anaemia of chronic disease or anaemia associ-
ated with inflammation. Anaemia is the most obvious
outcome of iron deficiency in blood because of the
enormous amount of iron required for hemoglobin
production in developing erythroid cells.

The general scheme of iron absorption, transport
and storage in humans

In mammals, and therefore in humans, no regulated
excretory pathways for iron exist, thus iron absorption
in normal adults has to match the rate of iron loss
essentially due to bleeding or sloughing of skin and
mucosal cells. Therefore, the first step of regulation of
iron homeostasis in humans is at the level of intestinal
absorption, which tightly depends on the body’s
demand for the metal. However, the rate of iron
absorption by the intestine is normally low
(1-2 mg/day) relative to total body iron content
(3-5 g). In this respect, macrophages play a major
role as it can be estimated that up to 30 mg/day of iron
is made available to cells through recycling of
aged/damaged red blood cells by macrophages (see
below). Several physio-pathological signals, including
iron load, erythropoiesis, hypoxia and inflammation,
can regulate the absorption of dietary iron by the
intestine. Inorganic iron enters the duodenal entero-
cyte through the apical membrane as Fe(Il) through
the divalent metal transporter-1 (DMT1, also known
as SLC11A2, natural resistance— associated macro-
phage protein 2, and divalent cation transporter 1). A
ferrireductase (most likely Dcytb) is needed at this
stage to make divalent iron available for DMTI.
Although iron is the metal that is most efficiently
transported by DMTI, this protein is indeed a
nonspecific divalent metal symporter, able to promote
transport of Mn(Il) and Co(II), beside Fe(Il), in a pH-
dependent molecular mechanism requiring a number
of protons per metal ion (Gunshin et al. 1997).

By studying DMT1-defective knockout mice, it has
been shown that DMT1 may be the primary means for
cellular iron import, but it is not the sole mechanism
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(Gunshin et al. 2005). Other, not well characterized
yet, mechanisms for inorganic iron import are appar-
ently present on the cell surface. In any case, iron can
alternatively get into most cells, including enterocytes,
as part of haem, coming from the digestion of
hemoglobin and myoglobin from dietary meat. Two
putative intestinal haem permeases have been so far
identified, namely haem carrier protein 1 (HCP1)
(Shayeghi et al. 2005) and haem responsive gene-1
(HRG-1) (Rajagopal et al. 2008). Regardless of the
permease used, haem iron becomes metabolically
available within the cell after haem degradation
catalyzed by haem oxygenases. Interestingly, upreg-
ulation of the haem oxygenase 1 gene is accompanied
by an increase in HCP1 expression, suggesting that
uptake and degradation of haem are tightly connected
(Latunde-Dada et al. 2006).

Iron taken up by enterocytes through apical DMT1
or as haem is not retained in the cytoplasm, but it is
rather mostly delivered to the bloodstream through
ferroportin (Fpn, initially also named Ireg-1 or MTP-
1), a protein localized on the basal side of polarized
enterocytes and that constitutes the only mammalian
iron exporter known so far. Iron is extruded by Fpn as
Fe(Il), and a family of enzymes that convert Fe(I) to
Fe(III) is needed for iron to be correctly loaded onto
transferrin (Tf), which can only bind the oxidized form
of the metal. These enzymes are multicopper oxidases
endowed with ferroxidase activity and include ceru-
loplasmin (Cp) and hephaestin, a membrane-bound
paralog of Cp (Vulpe et al. 1999). A number of studies
have indicated that hephaestin and Fpn may interact
(Collins and Anderson 2012). In fact, this multicopper
oxidase is believed to be the principal partner of Fpn in
duodenal iron uptake: in the sex-linked anaemia
mouse, where hephaestin is mutated, iron accumula-
tion in intestinal enterocytes and systemic anaemia
occur (Vulpe et al. 1999).

In serum, iron is mostly bound to transferrin (Tf), a
powerful chelator, able to bind iron tightly but
reversibly. A molecule of Tf can bind two atoms of
ferric iron with an extremely high affinity
(Kg =10~ 2 M) (Aisen et al. 1978), which decreases
when the protein is internalized in the cell and enters
the acidified endosomes, allowing the dissociation of
Fe(IIl). Tf belongs to a family of homologous iron-
binding glycoproteins comprising also lactoferrin
(found in secretions, including milk), delta-lactoferrin
(localized intracellularly) melanotrasferrin = (in
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melanoma cells) and ovotransferrin (in egg white)
(Lambert 2012). Iron chelation by transferrin not only
maintains iron in a soluble oxidized form under
physiologic conditions, but also prevents the genera-
tion of ROS by keeping the metal in a redox-inert state
and, last but not least, facilitates regulated iron
transport and cellular uptake. Finally, diferric holo-
Tf exerts a key regulatory function in the expression of
hepcidin, the main regulator of iron homeostasis (see
below).

Tf donates iron to cells (notably those that are
rapidly dividing, in particular erythroid precursor
cells) by a receptor-mediated endocytosis, following
interaction of iron-loaded Tf with the cell sur-
face transferrin receptor 1 (TfR1). This transmem-
brane glycoprotein is a homodimer stabilized by
disulfide bonds, which can bind one Tf molecule at
each of its subunits (Aisen 2004). The iron status of Tf
determines its affinity for TfR1, with diferric Tf
binding to TfR1 30- and 500-fold better compared to
monoferric and apo-Tf, respectively (Young et al.
1984).

Following the binding of Tf to its receptor, the Tf-
TfR1 complex undergoes endocytosis via clathrin-
coated pits. Acidification of the endosome to pH 5.5 by
a proton pump ATPase triggers a conformational
change in Tf resulting in a drop of the affinity for iron
and in Fe(Ill) release (Klausner et al. 1983). For
Fe(Ill) to pass across the endosomal membrane via
DMTI, it has to be reduced to Fe(Il). The ferric
reductase STEAP3 performs this function in immature
erythroid cells (Ohgami et al. 2005). Finally, the apo-
Tf/TfR1 complex returns to the cell membrane, where
apo-Tf is recycled back to the bloodstream, available
to rebind iron.

Going into regulatory aspects, since both iron
overload and iron deficiency are detrimental for cells,
the levels of biologically available iron must be tightly
controlled by complex mechanisms of iron acquisi-
tion, trafficking and storage. As discussed later,
systemic iron homeostasis is mainly controlled by
the hormone hepcidin, which effectively buffers
circulating iron levels by inducing Fpn degradation,
thus blocking intestinal iron absorption and iron
release from macrophages (Nemeth et al. 2004). At
the cellular level, transcriptional and post-transcrip-
tional regulatory mechanisms are active, which finely
modulate the expression of iron homeostasis-related
genes. Among these mechanisms, it should be

mentioned the transactivation of genes in enterocytes
by the hypoxia-inducible factor HIF2a (Mastrogian-
naki et al. 2009) and the well-known post-transcrip-
tional control of mRNA via interaction of iron-
responsive elements or IREs with cytosolic iron-
sensing proteins collectively named iron-regulatory
proteins or IRPs. In low iron conditions, binding of
IRPs to IREs hampers mRNA translation when the
RNA elements are located in 5’UTR (e.g., ferritin) and
stabilizes mRNAs bearing the elements in the 3’'UTR
(e.g., TfR1). On the other hand, when iron is in excess,
IRPs do not bind anymore to IREs, ferritin synthesis is
allowed and TfR1 is downregulated (Torti and Torti
2002). Fpn expression too is regulated by iron-
responsive sequences at both the 5UTR and 3'UTR
ends of its mRNA. While repression of Fpn mRNA
translation in conditions of iron deficiency is due to the
canonical mechanism involving an IRE sequence at
the 5'UTR, the 3’UTR of Fpn plays a role through a
recently discovered miRNA-dependent mechanism.
In fact, it has been demonstrated that miR-485-3p is
induced during iron deficiency and it targets the
3'UTR of Fpn to reduce iron export in several cell lines
and primary macrophages (Sangokoya et al. 2013).

The intracellular content of iron thus comes from
the balance between import and export rates. On the
other hand, the amount of bioactive iron inside a cell is
also modulated by the ferritin complex, which
sequesters excess iron and neutralizes the ability of
the redox metal to trigger and amplify the production
of ROS. Ferritins constitute a large superfamily of
proteins, with most members consisting of 24 subunits
arranged to form an approximately spherical protein
shell into which inorganic iron is deposited. A single
ferritin molecule of this type can hold up to 4300 iron
ions in its central cavity. Despite ferritin has been
identified several decades ago, and a huge amount of
experimental work has been done on this topic, the
mechanism by which ferritins accumulate and release
iron has not yet been fully elucidated.

The iron exporter ferroportin

Fpn is the sole iron exporter so far identified in
vertebrates. It belongs to one of the largest secondary
transporter families, the major facilitator superfamily
(MFS). The amino acid sequence of Fpn is well
conserved  throughout  evolutionarily  distant
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organisms, with over 60% identity between distantly
related proteins, such as human and zebrafish Fpn, and
Fpn-like sequences identified in Arabidopsis thaliana
and Caenorhabditis elegans, indicating a wide distri-
bution and suggesting a critical role for Fpn. Further
evidence comes from the observation that inactivation
of the Fpn gene in mice is embryonically lethal
(Donovan et al. 2005).

The human protein is constituted by 571 amino
acids, with a number of transmembrane (TM) seg-
ments. The topology of Fpn was initially predicted to
bear between 9 and 12 TM regions with the N-termi-
nus positioned inside and the C-terminus on the
intracellular or extracellular side, depending on the
number of TM segments. It is now generally acknowl-
edged that both N- and C-terminal extremities of Fpn
are intracellular, indicating that the protein has an even
number of TM segments. The exact positioning of
some loops connecting the helices has been estab-
lished through proper epitope tagging and insertion of
cysteine residues in internal regions of the protein and
analysis of accessibility to anti-tag antibodies or
cysteine-specific labelling with cell-impermeant
reagents (Liu et al. 2005). The data corroborate a
topological model of Fpn with 12 TM helices.
Structural features relevant for Fpn function are a
large intracellular loop between TM6 and TM7, which
contains key residues important for internalization and
degradation of Fpn (De Domenico et al. 2007a), and an
extracellular loop between TM7 and TMS, where the
binding site for the regulatory hormone hepcidin is
located (Preza et al. 2011).

Like all polytopic membrane proteins, Fpn is
problematic to study from a structural point of view
and its exact three-dimensional structure remains
unknown. Based on the known structures of other
members of the MFS family, it has been proposed that
Fpn operates through an alternating-access mecha-
nism, where the two halves of the protein cyclically
move after local structural rearrangements. The rota-
tion of the two domains composing the protein would
lead to three different conformational states: outward-
facing, occluded, and inward-facing (Tortosa et al.
2016). Because of the lack of a crystal structure,
information has been gained through homology mod-
eling, and different models of human Fpn have been
proposed. The first available Fpn model (Wallace et al.
2010) was indeed constructed without homology, as
the transmembrane helices were predicted and built de
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novo and then manually fitted over the three-dimen-
sional structure of the Escherichia coli glycerol-3-
phosphate transporter in the inward-facing conforma-
tion. The model displayed an inward- open confor-
mation and clustering of “gain-of-function” variants
(see below) in a solvent accessible channel, with
“loss-of-function” mutations conversely located at the
membrane/cytoplasm interface. Le Gac et al. (2013)
then described a novel model based on the MFS
transporter EmrD in the occluded conformation,
which proved the role of residue Trp42 in both iron
transport and hepcidin binding. However, loops out-
side of the transmembrane helices were not modeled
and some critical structural details of this model were
later shown to be incorrect. The first structural models
of human Fpn in both the inward- and outward-facing
conformations were later obtained by some of us
(Bonaccorsi di Patti et al. 2014).

Recently, a bacterial homologue of human Fpn has
been identified in the predatory bacterium Bdellovib-
rio bacteriovorus (Taniguchi et al. 2015, Bonaccorsi
di Patti et al. 2015) and the three-dimensional
crystallographic structure of this protein has been
determined in both the inward- and outward-facing
conformational states (Taniguchi et al. 2015). Taking
advantage of the availability of these structures, the
only ones available for a member of the Fpn family,
we then built updated models of human Fpn in the
inward- and outward-facing conformations (Tortosa
et al. 2016) (Fig. 1a) and carried out a comprehensive
structure—function analysis of known Fpn pathogenic
mutations (Tortosa et al. 2017). A putative iron
binding site, centered around aspartates 39 and 181,
was identified, whose relevance was experimentally
confirmed through mutational studies and measure-
ment of iron export ability of wild type and mutant
protein (Bonaccorsi di Patti et al. 2014). According to
our models, the binding site is in place in the inward-
open conformation, while in the outward-open state
the putative iron ligands move several angstroms away
from each other, consistent with release of the metal
upon the inward-outward conformational change. A
possible iron-transport mechanism has been also
presented on the basis of the models in all three
mechanistically relevant conformations (Tortosa et al.
2016). In particular, a role for the Asp325/Arg466
couple as an electrostatic switch modulating the
conformational change during iron translocation has
been envisaged. The proposed translocation
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Fig. 1 a Structural models of human Fpn in the inward-facing
and outward-facing conformations. b Residues proposed to be
involved in iron biding and translocation. A bottom-view of the
inward-open conformation is displayed

mechanism can be summarized as follows. In the
inward-open conformation, iron would bind to the
Asp39-Aspl81 couple and possibly to His32 and
Asn185. Iron binding would attract Asp325 toward the
metal coordination sphere, driving the transition to the
occluded state. At the same time, rupture of the
Asp325-Argd66 salt bridge would generate a high-
energy state due to the partially desolvated arginine
charge. This high-energy state would be relaxed upon
transition to the outward-open state, where iron
ligands would move apart from each other and the
metal would be released in the extracellular space.
Residues involved in the proposed mechanism are
shown in Fig. 1b for the inward-open conformation.
In humans, mutations in the gene coding for Fpn
cause type 4 hemochromatosis (Montosi et al. 2001),
an autosomal dominant iron overload condition.
Mutations are generally classified into two subclasses:
“loss-of-function” and “gain-of-function”. The
majority of pathogenic variants are defined as “loss-
of-function” as they lead to impaired functionality of
the protein and to decreased iron export from cells.

This pathological condition is known as type 4A
hemochromatosis, or “ferroportin disease” (Pi-
etrangelo 2017). On the other hand, “gain-of-func-
tion” mutations, responsible for type 4B
hemochromatosis, confer resistance to the action of
hepcidin. Since hepcidin binding to Fpn leads to the
protein internalization, ubiquitination and degradation
(Nemeth et al. 2004), gain-of-function mutations are
so because they inhibit this mechanism. Resistance of
Fpn mutants to downregulation by hepcidin is there-
fore an essential component of type 4B hemochro-
matosis, and results in continued cellular iron export
even in the presence of hepcidin concentrations that
induce Fpn degradation and iron retention in cells
expressing wild type Fpn.

Table 1 shows a list of all human Fpn mutations so
far known to cause either loss- or gain-of-function,
together with the corresponding biochemical pheno-
type. The majority of the mutations are located on
transmembrane helices and, as can be seen from
Fig. 2a, especially in the inward-facing model of
human Fpn, most of the loss-of-function mutations are
found on the N-terminal half of the protein where three
residues essential for iron binding and transport
(Asp39, His43 and Aspl81) are located (Bonaccorsi
di Patti et al. 2014; Tortosa et al. 2017). This region
also hosts the residues building up the Motif-A, a
structural motif largely conserved in members of the
MEFS family, that is essential for stabilizing the
outward-facing conformation of Fpn and for the
release of iron. Indeed, loss-of-function mutations
affect residues Gly80, Asp84 and Arg88 belonging to
motif-A (Table 1). As far as gain-of-function muta-
tions are concerned, the outward-facing model
(Fig. 2b) provides a ready explanation of their effect.
In fact, almost all of these mutations are clustered
around an area where the hepcidin “docking” site is
located. These mutations involve residues Tyr64,
Ala69, Ser71, Val72, Asnl44, Cys326, Tyr501,
Asp504 and His507 (Table 1) which define an almost
continuous patch of the cavity of human Fpn in the
outward-facing conformation, in line with homology
models based on the bacterial Fpn in outward open
conformation (Taniguchi et al. 2015; Tortosa et al.
2017). Mutation of each of these residues likely
modifies the hepcidin interaction surface on human
Fpn resulting in a decreased or impaired binding of
this hormone and failure to initiate Fpn internalization
and degradation.
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Table 1 Classification of SLC40A1 missense variants

Protein mutation Biochemical phenotype

Y64N/H Gain of function
A69T Gain of function
S71F Gain of function
V72F Gain of function
A77D Loss of function
G80S/V Loss of function
DS4E Loss of function
R88G Loss of function
R88T Loss of function
L129P Loss of function
NI144H/D/T Gain of function
1152F Loss of function
DI157G/Y/N Loss of function
W158L/C Loss of function
V162del Loss of function
L170F Loss of function
N1741 Loss of function
DIS1V/N Loss of function
Q182H Loss of function
N185D Loss of function
G204S/R Gain of function
L233P Loss of function
K240F Gain of function
D270V Gain of function
R296Q Loss of function
G323V Loss of function
C326S/Y/F Gain of function
S338R Gain of function
R489S/K Loss of function
G490D/S Loss of function
Y50iC Gain of function
D504N Gain of function
H507R Gain of function

Only mutations leading to either loss-of-function or gain-of-
function are indicated. In particular, neutral mutations and
single nucleotide polymorphisms are not reported

Hepcidin can be fully considered the main physi-
ological regulatory ligand of Fpn. It is a peptide of 25
amino acids, structured as a bent B-hairpin stabilized
by four disulfide bonds. The peptide is produced by
hepatocytes in the liver and inflammatory states and/or
increased iron stores trigger the hepatic synthesis.
Hepcidin-induced degradation of Fpn is a well-
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established process, however, the exact molecular
mechanism is still matter of debate. The hepcidin
binding site has been identified on the extracellular
loop of Fpn containing cysteine in position 326
(Fig. 2b). Cells expressing the C326S mutant Fpn
export iron normally but do not bind the peptide and
can export iron even in the presence of hepcidin.
Hepcidin binding to Fpn likely involves a disulfide-
thiol interaction between hepcidin and Fpn C326
residue (Fernandes et al. 2009). Modeling of the
hepcidin—Fpn interaction suggested that Cys326 is
involved in a thiol-dependent interaction with hep-
cidin, perhaps involving the disulfide framework of
hepcidin, while Phe324 and Tyr333 may form crucial
contacts with two phenylalanine residues on the
hepcidin moiety (Preza et al. 2011).

It has been reported that hepcidin treatment inhib-
ited iron efflux in Caco-2 cells, but failed to decrease
Fpn protein levels, suggesting that hepcidin can
directly block iron export through Fpn in these cells
(Chung et al. 2009). A similar proposal, i.e., the
possibility that Fpn is occluded by hepcidin binding
without necessarily entering the degradation pathway,
has been recently made through analysis of the
structure of the prokaryotic homologue from B.
bacteriovorus (Taniguchi et al. 2015). Very recently,
analysis of a number of natural Fpn mutations leading
to gain-of-function in type 4B hemochromatosis has
revealed that these mutants display hepcidin resistance
because of either impaired hepcidin binding or altered
hepcidin-induced conformational change of Fpn with
consequently decreased hepcidin-induced ubiquitina-
tion and occlusion of the central cavity of the protein
(Aschemeyer et al. 2017).

The ferroxidase ceruloplasmin

Over half a century ago it was reported that the blue
protein Cp had ferroxidase activity and was required
for efficient mobilization of iron (Osaki et al. 1966).
Yet, several decades had to pass before the role of Cp
in iron homeostasis began to be unveiled at the
molecular level. Cp belongs to the family of the
multicopper oxidases, enzymes which couple the one-
electron oxidation of substrate(s) to full reduction of
dioxygen to water by way of three types of copper
units with specific spectroscopic and functional prop-
erties. Type 1 “blue” copper is the primary electron
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Fig. 2 Location of the
residues affected by loss-of-
function mutations (red) and
gain-of-function mutations
(green) in the human Fpn
inward-facing (a), and
outward-facing

(b) conformations. The
Cys326 (yellow) involved in
hepcidin binding is also
shown in the outward form.
(Color figure online)

acceptor from the substrate; type 2 copper and
binuclear type 3 copper form a trinuclear cluster
where oxygen binds and is reduced (Solomon et al.
1996). The crystallographic structure of Cp has been
solved over 20 years ago (Zaitseva et al. 1996) and is
reported in Fig. 3. Cp is a large multi-domain protein
made up of six plastocyanin-like domains arranged
with a ternary pseudosymmetry (Ryden 1982).
Domains 1 and 2, 3 and 4, and 5 and 6 interact with
each other through extensive, highly packed
hydrophobic interfaces, while polar interactions and
loosely packed interfaces are observed between
domains 2 and 3 and 4 and 5. The interface between

Fig. 3 Three-dimensional structure of human ceruloplasmin
(PDB code 2J5W). Blue copper sites are shown as blue spheres;
the trinuclear cluster is depicted with orange spheres. (Color
figure online)

domains 6 and 1 hosts the catalytically essential
trinuclear copper cluster and domains 2, 4 and 6 each
harbour a type 1 copper site. Despite the knowledge of
the three-dimensional structure, the biological func-
tion of Cp has been under debate for many years and is
still in part uncertain. In fact, beside its established
role in iron oxidation, several functions have been
attributed to Cp, ranging from copper transport to
biological amines oxidation, to antioxidant activity
exerted through a number of different mechanisms
(Plonka et al. 1980; Stoj and Kosman 2003; Kim and
Park 1998; Shiva et al. 2006; Floris et al. 2000). A
particularly intriguing role as a modulator of the
release of nitric oxide, the endothelial-derived relax-
ing factor, has also been suggested (Cappelli-Bigazzi
et al. 1997, Bianchini et al. 1999). However, among
various oxidizable substrates, the enzyme definitely
displays the highest affinity for ferrous ions and it is
now accepted that the main function of Cp is related to
its ferroxidase activity. Reduced Fe(Il) readily oxi-
dizes, at physiological pH, even in the absence of a
protein catalyst. However, spontaneous oxidation of
Fe(Il) is potentially dangerous as it triggers the
formation of ROS via Fenton chemistry. Thus,
ferroxidation by Cp prevents iron-induced oxidative
stress. The largest amount of Cp is synthesized as a
soluble isoform by hepatocytes, where the P-type
ATPase ATP7B incorporates copper into apo-Cp
during transit through the trans-Golgi network (Lut-
senko et al. 2007), and secreted into the plasma where
it is found at micromolar concentrations. Cp has been
recognized to be an acute phase protein many years
ago, and, under specific experimental conditions, can
be induced in response to pro-inflammatory stimuli,
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such as IL-1f (Barber and Cousins 1988; Kuhlow et al.
2003; Bonaccorsi di Patti et al. 2004; Persichini et al.
2010) and INF-y (Mazumder et al. 1997).

A GPI-anchored form of Cp has been initially
identified on the plasma membrane of astrocytes (Patel
and David 1997) and then on a number of other cell
types, including macrophages (Marques et al. 2012).
Synthesis of this isoform is via alternative splicing
with the last five aminoacids replaced by 30 alternative
residues leading to addition of the GPI anchor (Patel
et al. 2000). Most of the cells expressing Cp-GPI are
separated from systemic circulation, suggesting a
critical function in iron management for the mem-
brane-anchored form of this protein.

Individuals carrying a defective Cp gene suffer of
aceruloplasminemia, a rare late-onset autosomal dis-
ease characterized by partial or total Cp protein
deficiency. They have normal copper homeostasis
(thus apparently ruling out a major role of Cp in copper
transport) but present a severely impaired iron
metabolism (Miyajima et al. 2003; Kono 2013). In
particular, homozygotes have iron overload mainly in
the brain, but also in liver, pancreas and retina and
develop retinal degeneration, diabetes mellitus and
neurological symptoms, which include ataxia, invol-
untary movements and dementia. Beside absent serum
Cp ferroxidase activity, the signatures of the disease
include low transferrin saturation, high serum ferritin
and moderate anaemia; magnetic resonance imaging
of the brain shows iron deposits in the basal ganglia,
striatum, thalamus and dentate nucleus. These features
place aceruloplasminemia in the group of disorders
known as NBIA (neurodegeneration with brain iron
accumulation), distinct from hereditary hemochro-
matosis where serum iron is high and the brain is
usually not affected, and from disorders of copper
metabolism like Menkes and Wilson disease.

The essential role of the ferroxidase activity of Cp
in iron release from cells was attributed to facilitation
of loading of Fe(Ill) onto Tf. However, a new
regulatory connection between Cp and Fpn was
disclosed 10 years ago by the finding that ferroxidase
activity is required to stabilize Fpn at the cell surface
in rat glioma cells expressing Cp-GPI (De Domenico
et al. 2007b). Loss of endogenous Cp-GPI by gene
silencing induced the rapid internalization and degra-
dation of Fpn. Any exogenously added ferroxidase
activity, including transfection with heterologous Cp
or with the yeast ferroxidase Fet3, or even addition of
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soluble purified Cp, was able to restore Fpn (and iron
transport) at the cell surface in cells silenced for
endogenous Cp-GPI. We found that the activity of the
ferroxidase was essential to lower the concentration of
extracellular Fe(Il), thus establishing an iron gradient
that could promote quick removal of the metal from
Fpn. Instead, in the absence of Cp-GPI, iron remained
associated with Fpn and under these conditions the
protein underwent ubiquitination and was rapidly
degraded. The requirement of a ferroxidase to main-
tain iron transport is specific to cells endogenously
expressing Cp-GPI, because transfected Fpn is
stable in many cell lines that do not express this
isoform of Cp. This regulatory function of Cp is
particularly relevant for brain iron metabolism
because any factor affecting the ferroxidase activity
of Cp-GPI cannot be compensated by circulating
plasma Cp, which is unable to cross the blood—brain
barrier. Very recent data demonstrate that in neurons
the ferroxidase hephaestin is required for efficient iron
export by Fpn (Ji et al. 2017), confirming the critical
role of ferroxidases for correct iron homeostasis in the
brain.

The finding that addition of a ferroxidase activity
could rescue Fpn from degradation induced by the lack
of an active Cp was exploited to study the functionality
of several Cp missense mutants associated with
aceruloplasminemia, that could be characterized and
classified in different groups according to their ability
to stabilize Fpn on the plasma membrane of cells
silenced for endogenous Cp-GPI (Bonaccorsi di Patti
et al. 2009). Non-functional Cp mutants are inactive
(i.e., do not rescue Fpn) due to retention in the
endoplasmic reticulum or secretion as apo-Cp lacking
copper, while partially or fully functional mutants are
enzymatically active and correctly localize to the
plasma membrane.

Mutant Cp R701W displayed a surprisingly anoma-
lous behavior. This mutation has been found in a very
young heterozygous patient with severe extrapyrami-
dal movement coordination deficit (Kuhn et al. 2005).
Both isoforms of Cp R701W (secreted and GPI-
anchored) were inactive due to lack of copper (i.e.,
they were apo-Cp), and dominant over wild type Cp in
glioma cells (Bonaccorsi di Patti et al. 2009). In other
words, this mutation apparently destroys the Fpn/Cp
system even in heterozygosity. Moreover, in cells
transfected with Cp R701W the Golgi apparatus
appeared dispersed and the copper pump ATP7B,
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which is needed for proper holo-Cp synthesis, was
inactive. Mutation R701W apparently preserved the
overall structure of the protein as Cp R701W was
found to be intrinsically able to load copper in
appropriate conditions, in particular when Ccc2p, the
yeast homologue of ATP7B, was co-expressed. As
expected, the resulting holo-Cp R701W was fully
functional with respect to stabilization of Fpn. Further
investigations showed that Cp R701W caused massive
production of ROS in the cell and that inhibition of
ROS production restored Golgi morphology and
rescued Fpn on the cell membrane (Persichini et al.
2012). Residue Arg701 is found in the surface-
exposed loop connecting domains 4 and 5 of Cp and
it is difficult to understand why replacement with
tryptophan should cause such a dramatic phenotype.

The multifunctional iron-binding lactoferrin

As discussed above, mammals have developed sophis-
ticated strategies to chelate iron in a nontoxic form,
and lactoferrin (Lf) shows a main role in this respect.
Human lactoferrin (hLf), a glycoprotein of 691 amino
acids possessing a high similarity to other mammalian
Lfs, is constitutively expressed and secreted by
glandular epithelial cells and by neutrophils in infec-
tion and inflammation sites. The iron binding capacity
of Lf ensures that free available iron in the body fluids
does not overcome the concentration of 1078 M, thus
hindering iron precipitation as insoluble hydroxides as
well as the formation of ROS, responsible for tissue,
cell, DNA, protein and lipid damage. Several crystal-
lographic studies have point out that hLf, like all
members of its family, is constituted by two homol-
ogous lobes (N-lobe residues 1-333 and C-lobe
residues 345-691) connected by a 3-turn o-helix
peptide (residues 334-344) (Anderson et al.
1987, 1989). Each lobe binds one ferric ion with high
affinity (Kq ~ 1072° M) through highly conserved
residues: an aspartic acid, two tyrosines and a
histidine. Of note, iron binding is stabilized and made
reversible by the presence of a CO5>~ anion (MacGil-
livray et al. 1998). Depending on its iron-binding
status, Lf can assume an open, metal-free (apo-Lf)
conformation or a closed, metal-bound (holo-Lf) one.
Holo-Lf is highly stable and more resistant to both
thermal denaturation and digestion by proteases
compared to the apo form (Baker and Baker 2012).

As expected on the basis of the highly conserved
three-dimensional structures among Lfs, human and
bovine Lf (bLf) show equal functions, spanning from
antibacterial, antifungal, antiviral and antiparasitic to
anti-inflammatory and immunomodulatory activities
(Puddu et al. 2009, 2011). Therefore, the majority of
the in vitro and in vivo studies are carried out using
bLf, a substance generally recognized as a safe
(GRAS) by the Food and Drug Administration
(USA) and commercially available in large quantities.

Besides its antimicrobial activity, described by
several studies and reviews (i.e., Valenti and Antonini
2005), bLf has been demonstrated to possess a potent
anti-inflammatory activity able to both modulate the
inflammatory response in epithelial cells infected by
facultative and obligate intracellular bacteria (Valenti
et al. 2011; Frioni et al. 2014; Sessa et al. 2017) and
revert/attenuate the inflammatory response triggered
by Toll-like receptor engagement in antigen-present-
ing cells (Puddu et al. 2009, 2011). Recently, it has
been reported that exogenous bLf can localize in the
cell nucleus and proposed that bLf exerts its anti-
inflammatory activity through a direct transcriptional
regulation (Ashida et al. 2004). In particular, bLf has
been shown to be able to reach the nucleus in both
intestinal cells (Paesano et al. 2012) and freshly-
isolated monocytes (Puddu et al. 2011), suggesting
that this molecule may act as a transcriptional
modulator of the inflammatory process through the
inhibition of pro-inflammatory cytokines (Puddu et al.
2011; Paesano et al. 2012; Kim et al. 2012). Despite
these emerging evidences, the molecular mechanisms
by which bLf exerts its immunomodulatory activity
are still largely unknown.

The regulation of the Fpn/Cp by Lf

There were several good reasons to test whether Lf had
an effect on the expression of Cp and Fpn. As already
highlighted, several evidences indicate that the bLf
modulates inflammation by affecting expression of
cytokines, chemokines, and other effector molecules
(Rosa et al. 2017). In this respect, 30 days of oral
administration of bLf (20-30% iron saturated, 100 mg
twice a day) to pregnant women suffering from iron
deficiency anaemia (IDA) or anaemia of inflammation
(AD) has been demonstrated to downregulate the
expression of IL-6 and to rebalance the

@ Springer



408

Biometals (2018) 31:399-414

haematological parameters, thus counteracting the
iron and inflammatory homeostasis disorders (Paesano
et al. 2009, 2014). Worth of note, despite the quantity
of the supplemented iron (about 80 pg/day) was far
from that daily required (1-2 mg), a significant
increase in the red blood cell number, concentration
of haemoglobin, total serum iron, serum ferritin and
percentage of hematocrit was observed. Therefore, it
was presumable that bLf efficacy in curing IDA and Al
was not directly linked to the iron supplementation,
but to a more complex mechanism involving this
protein in iron homeostasis.

As far as Cp is concerned, interactions of this
ferroxidase with other proteins in a number of
unrelated processes has been reported, including
incorporation of Fe(Ill) into ferritin after formation
of a Cp-ferritin complex (Van Eden and Aust 2000),
regulation of clotting through competition with blood
coagulation factors FV and FVIII for protein C
binding (Walker and Fay 1990), interaction with
myeloperoxidase (Sokolov et al. 2007, 2008, 2010)
finalized to inhibit its pro-oxidant properties (Segel-
mark et al. 1997; Sokolov et al. 2015), involvement in
neuroregulation processes after interaction with neu-
ropeptide PACAP 38 (Tams et al. 1999). Formation of
a complex between Cp-GPI and Fpn in astrocytes has
also been reported (Patel et al. 2002), although we
were never able to reproduce this very reasonable and
somewhat expected finding. What matters here is that
a complex of Cp with Lf has been described and
characterized (Pulina et al. 2002; Sabatucci et al.
2007; Samygina et al. 2013). The ferroxidase activity
of Cp increases in the presence of Lf (Sokolov et al.
2009), so it can be speculated that the complex plays a
role in iron metabolism.

As already said, expression of both Cp and Fpn is
related to infection and inflammation and Lf has been
shown to possess potent antibacterial and anti-inflam-
matory properties. In fact, it is known that Fpn
expression is down-regulated at the transcriptional
level by pro-inflammatory cytokines in reticuloen-
dothelial cells, as demonstrated by the finding that
treatment with IFN-y and LPS reduced Fpn mRNA
and iron release from monocytes (Ludwiczek et al.
2003; Yang et al. 2002). Fpn mRNA and protein was
also found to decrease significantly in astrocytes
treated with LPS but not with IL-6 or TNF-o (Urrutia
et al. 2013). Our first approach was to choose cellular
model relevant for iron supply to circulating plasma,
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namely the macrophagic THP-1 line and the Caco-2
colonic epithelial cells (Cutone et al. 2014; Frioni et al.
2014). Infection or inflammation was induced with
LPS on THP-1, and with IFN-y and E. coli strain LF82
in Caco-2 cells. In both cases, we found that expres-
sion of Fpn was downregulated upon treatment with
the proinflammatory agent and that bovine Lf (bLf)
significantly counteracted this effect. In THP-1 cells
this effect was found to be related to reduction of IL-6
secretion (Cutone et al. 2014). This latter observation
is interesting as we had previously found that in rat C6
glioma cells Fpn is up-regulated by IL-1f (Bonaccorsi
di Patti et al. 2004; Persichini et al. 2010), suggesting
that the response of Fpn to cytokines might be tissue-
specific. IL-6 produced upon LPS stimulation leads to
enhanced expression of hepcidin mRNA in human
monocytes and THP-1 cells and, in turn, to increased
hepcidin-dependent degradation of Fpn with conse-
quent intracellular iron retention (Theurl et al. 2008).
On this ground, it was assumed that bLf prevents the
decrease of Fpn levels in THP-1 cells stimulated with
LPS by reducing the LPS- and/or IL- 6-dependent
induction of hepcidin.

There was another good reason to investigate the
behavior of Fpn and Cp in inflamed macrophages and
the possible effects of Lf. These phagocytic cells are in
fact crucial components of the innate immune system,
which is obviously turned on when pathogens invade
the host and attempt to take up iron from it. Moreover,
macrophages are a heterogeneous population of
immune cells resulting from cytokine stimulation
and pathogen or its products sensing, able to polarize
into active subpopulations, with a continuum of
macrophage subsets ranging from pro-inflammatory
M1 to regulatory/anti-inflammatory M2 phenotypes.
We have therefore extended our studies, and the effect
of bLf on the expression not only of Fpn but also of
other pivotal proteins involved in mammalian iron and
inflammatory homeostasis (membrane-bound Cp-
GPI, cytosolic ferritin, transferrin receptor 1, and
various cytokines) was investigated (Cutone et al.
2017). The rationale was that macrophages should be
able to adapt their phenotype in response to different
environmental stimuli and that the iron system
proteins could be differently expressed in specific
macrophagic phenotypes. To this end, THP-1 cells
were stimulated with either a classical mixture of low
concentrations of LPS and IFN-y, known to induce a
pure M1 polarization, or with high concentrations of
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LPS, known to induce a mixed inflammatory
MIl/tolerogenic M2 phenotypic population (Genin
et al. 2015).

Results of this study are summarized in Figs. 4 and
5. It is evident at a glance that each protein of the iron
homeostasis set changes its expression upon treatment
in a reasonably independent way on the treatment
itself, i.e., both the high dose LPS and the LPS/IFN-y
mix essentially produce the same effects. In particular,
Fpn, Cp and TfR1 are invariably downregulated upon
the inflammatory stimulus, while the two interleukins
and ferritin are upregulated. As a whole, data clearly
show that the whole set of proteins involved in iron
homeostasis is coordinately regulated upon stimula-
tion of macrophages with inflammatory triggers.
These changes are consistent with the production of
an intracellular iron overload phenotype. The decrease
of the Fpn/Cp couple weakens iron export, and higher
ferritin levels are pathognomonic of iron accumula-
tion, a potentially dangerous condition in vivo, pro-
dromic to higher host susceptibility to infections and
to the development of anaemias. The data also clearly
demonstrate that the anti-inflammatory effect of

Fig. 4 Changes in 150
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bovine lactoferrin is exerted on all examined compo-
nents of the iron homeostasis machinery.

While it has been reported that macrophages can
express different “iron-retention” or ‘“iron-release”
phenotypes (Recalcati et al. 2010; Corna et al. 2010),
we have shown that under conditions where an “iron
retention” phenotype is achieved, bLf affects the
expression of Fpn, TfR1, Ftn, and Cp-GPI, counter-
acting the effect of LPS and IFN-vy and restoring Fpn,
Cp-GPI, Ftn, and TfR1 levels to those of unstimulated,
uninflamed cells. Under our experimental conditions,
high doses of LPS seem to induce a strongly inflamed
macrophagic phenotype, as evidenced by much higher
levels of cytokines IL-6 and IL-1 compared to those
measured after low-dose LPS/IFN-y. On the other
hand, the two treatments produced a very different
outcome when the anti-inflammatory cytokine IL-10
was assessed (Fig. 5). While IL-10 was downregu-
lated upon LPS/IFN-y treatment, its levels signifi-
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Fig. 5 Changes in IL-1, IL-6 and IL-10 levels in THP-1 cells
stimulated with a either LPS 1 pg/ml (dark grey bars) or with a
mixture of 20 ng/ml IFN-y and 10 pg/ml LPS (light grey bars),
in the presence or absence of 100 pg/ml bLf
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with high doses of LPS, suggesting that, at variance
with stimulation with the LPS/IFN-y mix, treatment
with LPS alone triggers an endogenous anti-inflam-
matory response in THP-1 mediated by IL-10 and
finalized to counteract the massive increase of IL-6
and IL-1B and possibly of other pro-inflammatory
factors. It is interesting to note that bLf exerts its effect
both under conditions mimicking the initial stages of
infection (i.e., high doses of LPS) and when an
inflammatory outcome has been set up (i.e., LPS/IFN-
Y mix), suggesting that bLf may work as an anti-
inflammatory agent able to both prevent the onset of
inflammation and to relieve it once it has been
established.

The decrease of Cp-GPI in inflamed macrophages
is apparently at odd with Cp being an acute-phase
protein. A rationale could be that the soluble and the
membrane-bound isoforms of Cp are subject to
differential regulation, and this could be related to
the multifunctional nature of this protein (see above).
In plasma, the soluble isoform would play a major
antioxidant role, scavenging ROS produced in inflam-
mation; in specialized cells, such as macrophages,
membrane-bound Cp-GPI would predominantly act as
a ferroxidase in combination with Fpn. Thus, it would
make sense that in this latter case, bLf restores the
synthesis of both Cp-GPI and Fpn that is impaired
upon inflammation. Overall, the ability of bLf to
reduce proinflammatory cytokine production in
inflamed macrophages and to counteract the changes
of the proteins involved in iron homeostasis, under-
lines the critical role of this iron-binding protein in the
modulation of iron and inflammatory homeostasis.
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