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Abstract

The transferrin family of non-heme iron binding glycoproteins are believed to play a central role in iron metabolism
and have been implicated in iron transport, cellular iron delivery and control of the level of free iron in external
secretions. Lactoferrin (LF) is a member of this family that is widely localized in external fluids including milk and
mucosal secretions, in addition to being a prominent component of the secondary granules of neutrophils. Although
structurally related to transferrin, LF appears to have a broader functional role mediated by both iron dependent
and iron independent mechanisms. In this review, we will focus on our current understanding on the role of LF
in regulating iron homeostasis and its role in host protection against microbial infection at the mucosal surface.
In addition, recent insights obtained from analyzing the phenotypic consequences of LF ablation in lactoferrin
knockout mice (LFKO), which challenge the long held dogma that LF is required for intestinal iron absorption in
the neonate, are summarized.

Introduction

LF is an ∼ 80 kDa member of the transferrin family of
iron binding glycoproteins (Aisen et al. 1980, Metz-
Boutigue et al. 1984). LF is expressed and secreted
by glandular epithelial cells with highest levels (∼
7 grams/liter) found in human colostrum where it is
one of the most abundant whey associated proteins
(Masson et al. 1971, Hennart et al. 1991). LF is also
present at lower levels in mature milk and most exo-
crine secretions in addition to the secondary granules
of mature neutrophils (Masson 1966, Masson et al.
1969). The precise three-dimensional structure of LF
has been revealed by X-ray crystallographic analysis
(Anderson et al. 1987, Anderson et al. 1989). The
single polypeptide chain is folded into two homolog-
ous globular lobes, each containing a deep cleft that
has the capacity to bind reversibly one ferric ion with
the synergistic binding of a carbonate anion. Specific-
ally, the iron atom in each lobe is coordinated with six
ligands, four of which are provided by the polypeptide
chain (one aspartic acid, two tyrosine and one histid-

ine residues), with two additional coordination sites
provided by the carbonate anion (Baker et al. 2003).

Several diverse physiological functions have been
ascribed to LF including regulation of cellular growth
and differentiation, intestinal iron homeostasis, host
defense against microbial infection and inflammation,
regulation of myelopoiesis and protection against can-
cer [Reviewed in (Iyer et al. 1993, Levay et al. 1995,
Baveye et al. 1999, Brock 2002, Ward et al. 2002)].
While some of these functions are clearly dependent
on the iron binding properties of the protein, others
appear to be independent of metal binding and may be
mediated in part by a cationic domain located in the
N-terminus of the molecule that does not overlap with
the iron-binding sites (Bellamy et al. 1992). In this
paper, we will focus on two of the functions that have
long been proposed for LF, regulation of intestinal
iron homeostasis and host protection against micro-
bial infection, providing an overview of our current
understanding on the role of LF in these two areas.
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Fig. 1. Intestinal Iron Absorption by the DMT-1 Pathway. Dietary
non-heme iron is reduced to the ferrous form (Fe2+) in the lumen
of the proximal small intestine, most likely by the ferrireductase,
Dcytb. Fe2+ is then transported across the apical membrane of ab-
sorbtive enterocytes by the divalent metal ion transporter, DMT-1.
Once inside the cell, iron can be stored in the form of ferritin (Ft) or
transported across the basolateral membrane by Ireg1. A membrane
bound hephaestin (Heph) has been proposed to convert Fe2+ to the
Fe3+ form which then allows the iron to bind to apo transferrin for
iron transport and delivery to the body. LF may act at the level of
the intestinal lumen to limit the amount of iron available for uptake
by DMT-1 or other iron uptake pathways.

Iron homeostasis and LF

Tight regulation of iron homeostasis is essential to
protect against free radical induced cellular damage
and promotion of microbial growth while concurrently
providing adequate iron for essential metabolic func-
tions in the body. Dietary iron absorption occurs in the
proximal small intestine (duodenum). In mammals,
a major non-heme iron uptake pathway involves the
divalent metal iron transporter, DMT-1 (also known
as NRAMP-2 or DCT1) (Fleming et al. 1997, Gun-
shin et al. 1997, Andrews 2000). Ferric iron is first
believed to be reduced in the intestinal lumen by a
ferrireductase, duodenal cytochrome B (DcytB) fol-

lowed by transport into the cell by DMT-1 (Figure 1).
The iron is either stored in the cell in the form of
ferritin, or is thought to exit the enterocyte through
a basolateral iron transporter ferroportin 1 (IREG1,
MTP1) and is reoxidized to the ferric form, most
likely by a membrane associated oxidase, hephaes-
tin. Once across the intestinal barrier, the ferric iron
binds to serum transferrin for transport to tissues in
the body (Andrews 2000; Fleming et al. 2002, Frazer
et al. 2003). The essential role of the DMT-1 me-
diated iron uptake pathway is highlighted by rodent
loss-of-function mutations of this protein, which result
in anemia (Fleming et al. 1997, Fleming et al. 1998).

Because mammals lack a regulated pathway for
iron excretion, iron homeostasis is regulated primarily
at the site of iron absorption in the intestine in response
to body iron requirements (Andrews 2000, Wessling-
Resnick 2000, Frazer et al. 2003). Several genes have
been implicated in the feedback regulation of intestinal
iron absorption including the product of the hema-
chromatosis gene, HFE , transferrin receptor 1 and 2
(Fleming et al. 2002, Morgan et al. 2002, Frazer et al.
2003). Recent developments in this field also support
a key role for the hepatic antimicrobial peptide, hep-
cidin, in the negative feedback regulation of intestinal
iron absorption (Fleming et al. 2001, Frazer et al.
2003, Ganz 2003). Hepcidin expression is strongly
upregulated in response to iron loading (Pigeon et al.
2001) and inappropriate expression of this gene has
been linked to iron disorders in mice and humans
(Nicolas et al. 2001, Ahmad et al. 2002, Nicolas
et al. 2002., Weinstein et al. 2002, Muckenthaler et al.
2003, Nicolas et al. 2003). Furthermore, mutation of
the human hepcidin gene was recently shown to be a
causative agent of juvenile hemochromatosis (Roetto
et al. 2003). Although the exact mechanism by which
hepcidin regulates intestinal iron absorption remains
to be elucidated, it has been suggested that this peptide
is secreted by the liver and may directly downregulate
the expression of gene(s) involved in the DMT-1 iron
uptake pathway in the mature enterocyte (Frazer et al.
2003).

Members of the transferrin family have also been
implicated in regulating iron homeostasis in mammals.
The iron regulatory role of transferrin (TF) in iron
transport and cellular iron delivery via the transferrin
receptor mediated uptake pathway is well established
(van Renswoude et al. 1982, Bernstein 1987, Levy
et al. 1999). Human (atransferrinaemia) (Goya et al.
1972) and mice (hypotransferrinemic mice) (Bernstein
1987) models of transferrin deficiency result in an-
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emia highlighting the essential role of transferrin in
iron delivery to erythroid precursor cells. Interestingly,
transferrin deficiency is also associated with tissue
iron overload due, at least in part, to increased in-
testinal iron absorption. Thus while TF is essential
for iron delivery to erythroid cells, other iron uptake
systems must exist in non erythroid cells (Wessling-
Resnick 2000). A long-standing controversy existed
as to the role of LF in iron homeostasis. The strong
iron binding properties of LF, together with the high
iron bioavailability and abundant concentrations of LF
in breast milk suggested that this protein may play a
role in intestinal iron absorption in the neonate (Iyer
et al. 1993, Levay et al. 1995). In addition, spe-
cific receptors for LF have been identified on the
small intestinal mucosal surface from many species
including human, rhesus monkey, pig and mouse (Iyer
et al. 1993). Recently, a human LF enterocyte receptor
(hLfR) has been cloned [also cloned as intelectin
(Tsuji et al. 2001) and HL-1 (Lee et al. 2001)]. While
In vitro experiments have shown that Caco-2 intestinal
cells transfected with hLfR have increased [59Fe]hLF
uptake versus mock-transfected cells (Suzuki et al.
2001), the physiological role of this receptor in vivo
remains to be established. Further, tissue culture, an-
imal studies and human clinical trials have shown
conflicting results supporting a role for LF in both the
enhancement or inhibition of intestinal iron delivery
[Reviewed in (Brock 1980, Sanchez et al. 1992, Iyer
et al. 1993, Levay et al. 1995)]. However, many of
these studies must be viewed with caution where non-
homologous LF preparations were used as, at least in
the case of the human, binding of LF to the entero-
cyte receptor has been reported to be species specific
(Kawakami et al. 1991).

To further clarify the role of LF in iron homeo-
stasis, we analyzed the effect of LF ablation on iron
homeostasis using LFKO mice (Ward et al. 2003). We
have shown that ablation of LF does not result in iron
deficiency anemia, demonstrating that LF is not re-
quired for intestinal iron delivery to the neonate (Ward
et al. 2003). To the contrary, comparison of postnatal
offspring derived from LFKO to WT intercrosses, re-
spectively, disclosed a mild iron overload phenotype
in the LFKO pups. This was reflected by elevated
serum iron, transferrin saturation and hepatic iron in
LFKO versus WT pups, with the latter two parameters
reaching statistical significance. As it is known that
iron is sensitive to genetic background and because
our analysis was carried out in a mixed background
strain, we performed similar analysis in an isogenic

129/Sv strain. Comparison of postnatal offspring de-
rived from isogenic LFKO intercrosses to WT inter-
crosses showed that ablation of LF also resulted in
higher hepatic iron stores, although these increases
did not reach significance in the 129/Sv strain (Ward
et al. 2003). Nonetheless, these results suggest that
while genetic background may influence the postnatal
iron overload phenotype observed in LFKO mice in
the mixed background strain, the increased iron levels
observed during the suckling period may also be due,
in part, to the lack of LF in the milk. These results
are intriguing given the low free iron concentrations
in milk and mucosal secretions and the fact that mild
iron overloading was observed even in the absence of
dietary iron stress.

We further investigated whether LF influenced iron
homeostasis in the adult (Ward et al. 2003). We
reasoned that if LF played a major role in intestinal
iron homeostasis in the post weaning period, it would
likely be expressed at the site of iron absorption in
the duodenum. In situ hybridization analysis showed,
however, that LF is not endogenously expressed in the
duodenum. Consistent with this lack of expression,
iron parameters were similar between adult LFKO
and WT mice that had been maintained on either a
basal or high iron diet (Ward et al. 2003). Taken to-
gether, these results indicate that LF is not required
for intestinal iron delivery in the mouse. Moreover,
the mild postnatal iron overload observed in LFKO
pups suggests a role for LF in iron sequestration and
inhibition of excessive iron uptake during the suck-
ling period. Interestingly, studies in human infants fed
on breast milk versus LF depleted breast milk found
that iron absorption was higher in the LF-free breast
milk also supporting a role for this protein in limiting
rather than facilitating intestinal iron uptake in humans
(Davidsson et al. 1994).

Role of LF in host protection against microbial
infection

LF possesses several antimicrobial activities that
likely contribute to the innate immune response at the
mucosal surface. Most microbial pathogens are de-
pendent on iron for growth. LF, by virtue of its strong
iron-binding properties and relatively iron free state in
mucosal secretions, can bind and sequester this essen-
tial nutrient thus limiting the growth of iron requiring
microbes including enteropathogenic Escherichia coli
(Brock 1980). This antimicrobial activity may have an
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added benefit by favoring the growth of bacteria with
low iron requirements such as lactic acid producing
bacteria, which are generally believed to be beneficial
to the host and there is some evidence that LF can also
directly support the growth of these bacterial species
(Petschow et al. 1999). However, in some cases bac-
teriostasis is temporary as bacteria adapt to their iron
deprived conditions, for example, by producing their
own high affinity iron chelators called siderophores
which compete with LF for iron (Crosa 1989). In
addition, certain bacteria including the Neisseriaceae
species have adapted to the LF imposed iron restrict-
ive conditions by synthesizing specific LF receptors
which have been shown to bind and extract iron from
LF (Schryvers et al. 1998).

Importantly, a recent seminal finding by Singh
et al demonstrated that LF could prevent the form-
ation of Pseudomonas aeruginosa biofilms in vitro
(Singh et al. 2002). Although dependent on the iron
sequestration function of LF, the anti-biofilm activ-
ity was observed using concentrations of LF far less
than that required to inhibit the growth of the bac-
teria by bacteriostatic mechanisms. In this case, iron
sequestration stimulated a specialized motion called
twitching which caused the bacteria to wander ran-
domly around the surface, rather that stay stationary
and divide in situ to form microcolonies that ulti-
mately give rise to biofilm formation (Singh et al.
2002). This elegant study suggests that the ability of
LF to maintain an environment devoid of free iron may
play a crucial role in preventing against chronic lung
infections by Pseudomonas aeruginosa in vivo. Fur-
ther, a recent study by Schaible et al. suggests that iron
sequestration by LF can protect against the increased
suceptibility of β-2 Microglobulin Knockout mice, a
genetic mouse model of iron overload, to Mycobac-
terium tuberculosis infection (Schaible et al. 2002).
Taken together, these results suggest that control of
extracellular iron levels by LF may have profound
impact on the outcome of microbial pathogenesis.

Antimicrobial activities have also been described
for LF which are independent of the iron status of
the protein. In this regard, a direct bactericidal activ-
ity has been described for LF which is due to a
cationic domain located in the N-terminus of the mo-
lecule (Bellamy et al. 1992). In vitro experiments have
shown that the isolated bactericidal peptide, lactofer-
ricin, has more potent activity than the intact protein,
exerting broad spectrum antimicrobial activity against
a broad range of Gram negative and Gram positive
bacteria, yeast, fungi and protozoa (Wakabayashi et al.

2003). However, how this peptide functions in the con-
text of the intact protein in physiological secretions
and/or whether substantial amounts of this peptide are
released at sites of infection in vivo remain largely
unknown. Several reports suggest that LF may also
contribute to the innate host defense system by inter-
fering with other aspects of microbial virulence. For
example, LF was shown to prevent the adhesin and/or
internalization of bacteria and viruses to tissue cul-
ture cells (Longhi et al. 1993, Valenti et al. 1998,
van der Strate et al. 2001, Ajello et al. 2002, Gomez
et al. 2003) and a serine protease activity has been
described for LF that specifically inactivates Hae-
mophilus influenza IgA1 protease and Hap adhesion
putative colonization proteins (Qiu et al. 1998).

In addition to the contribution from local expres-
sion and secretion from glandular epithelial cells, a
second source of LF in external fluids is provided by
neutrophils (Masson et al. 1969). These immune cells
are rapidly recruited to sites of microbial challenge
during the initial acute phase of infection where activ-
ation and degranulation of LF rich secondary granules
provides an additional source of this protein to aid in
the innate immune response against microbial infec-
tion at the mucosal surface (Masson et al. 1969). LF
has also been proposed to enhance the intracellular
bactericidal activity of neutrophils whereby fusion of
the LF containing secondary granules with the pha-
gosomes provides an environment whereby LF can
donate the iron required for catalysis of free radical
production (Sanchez et al. 1992). Finally, colocaliz-
ation and synergy of LF with other components of
the innate immune response, including lysozyme and
defensins, likely further augment the host’s ability to
robustly respond to and protect against microbial chal-
lenge (Ellison et al. 1991, Leitch et al. 1998, Singh
et al. 2000).

In summary, the antimicrobial activities of LF
highlight the many possible modes by which LF may
contribute to host protection against microbial infec-
tions at the mucosal surface, both by iron dependent
and iron independent mechanisms.

Future perspectives

It is becoming increasingly evident that the iron bind-
ing properties of LF likely contribute, in large part, to
the physiological role of this protein in vivo. Studies
carried out in LFKO mice have shown that ablation
of LF results in mild iron overload during the post-
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natal period, suggesting that the major iron regulatory
role of LF during the suckling period is iron sequest-
ration, preventing against excessive iron uptake and
likely contributing to an environment refractory to mi-
crobial pathogenesis and cellular oxidative damage.
Finally, the fact that mild iron overload was observed
in LFKO pups even in the absence of dietary iron chal-
lenge is intriguing, especially in light of the inherent
complexity and likely functional redundancy present
in milk. Future studies examining the phenotypic con-
sequences of LF ablation during the postnatal period
under conditions of dietary iron stress and in response
to microbial challenge will undoubtedly reveal new
insights into the physiological role of this iron binding
protein at the mucosal surface.
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