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Abstract

Insects transmit millions of cases of disease each year, and cost millions of dollars in agricultural
losses. The control of insect-borne diseases is vital for numerous developing countries, and the
management of agricultural insect pests is a very serious business for developed countries. Control
methods should target insect-specific traits in order to avoid non-target effects, especially in
mammals. Since insect cells have had a billion years of evolutionary divergence from those of
vertebrates, they differ in many ways that might be promising for the insect control field—especially,
in iron metabolism because current studies have indicated that significant differences exist between
insect and mammalian systems. Insect iron metabolism differs from that of vertebrates in the
following respects. Insect ferritins have a heavier mass than mammalian ferritins. Unlike their
mammalian counterparts, the insect ferritin subunits are often glycosylated and are synthesized with
a signal peptide. The crystal structure of insect ferritin also shows a tetrahedral symmetry consisting
of 12 heavy chain and 12 light chain subunits in contrast to that of mammalian ferritin that exhibits
an octahedral symmetry made of 24 heavy chain and 24 light chain subunits. Insect ferritins associate
primarily with the vacuolar system and serve as iron transporters—quite the opposite of the
mammalian ferritins, which are mainly cytoplasmic and serve as iron storage proteins. This review
will discuss these differences.
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1. Introduction

Iron plays a major role in cell viability because it is a co-factor in numerous cellular processes,
such as nucleotide synthesis, oxygen metabolism, the tricarboxylic acid cycle, steroid
production, and amino acid production [1]. Since Fe*3 can catalyze oxidative damage to
biomolecules, all living organisms have proteins that bind, transport and sequester this ion
[2]. For mammals, extracellular iron is transported by transferrin, while cellular iron is stored
in ferritin [1]. Mammalian ferritins are divided into three subgroups (Table 1): cytoplasmic,
serum and mitochondrial ferritins [2]. Cytoplasmic ferritins functions as iron storage proteins
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and are involved in iron regulation. Serum ferritins are secreted and are involved in iron
transfer/donor activities [3,4]. Mitochondrial ferritin serves as an antioxidant and protector
against iron toxicity [5,6].

Vertebrate cytoplasmic ferritin is a ubiquitous iron storage protein with a molecular mass of
~440 kDa [2]. Itis a hetero-multimer, consisting of 24 subunits, made of heavy and light chains
(H and L), which are encoded by different genes. The ratio of H to L varies according to the
need for iron uptake or storage. The H chain is characterized by amino acid residues that make
up the “ferroxidase center” responsible for the oxidation of Fe*2 to Fe*3, and tyrosine residues
responsible for the rapid biomineralization of iron; while the L chain has the amino acid
residues that induce nucleation of iron. Ferritin influences iron availability and responses to
oxidative stress [7], and the loss of cytosolic ferritin expression is associated with increased
susceptibility to iron overload, iron-dependent toxicity and increased oxidative stress [8,9].
Cytosolic ferritin overexpression is associated with augmented iron deposition, changes in cell
growth and improved response to oxidative challenge [10-13].

Mammalian H and L lack leader signal sequences that target the subunits to the secretory
pathway, yet secreted ferritin is found in body fluids such as serum, cerebrospinal, and synovial
fluids [2]. Mammalian secreted ferritin counts for a minor proportion of total body ferritin, but
it is clinically important, since its level is often used as an index of body iron status—
specifically, for the diagnosis of iron deficiency and overload [14]. Serum ferritin concentration
also reflects different degrees of inflammation, infection, liver function, cancer and oxidative
stress.

Current data in insects suggest that, unlike their mammalian counterparts, both transferrin and
ferritin play key roles in iron transport [15-17], and insect ferritins are mostly secreted proteins
[15-25]. Like mammalian ferritins, insect ferritins are composed of two types of subunits.
However, most insect ferritins are of greater mass (400-600 kDa) than vertebrate ferritins, and
have heavier subunits (21-36 kDa). The subunits are often glycosylated and found in the
endoplasmic reticulum (ER) in insect cells as well as in hemolymph (blood). Insect ferritins
are synthesized with a signal peptide that presumably directs the mature subunit to the secretory
pathway. For many years, insect ferritins have been hypothesized to function as iron transport
proteins, and recently they have been shown to play such role [26]. In addition to a role in iron
metabolism, insect ferritins may also have significant roles in the immune response, as ferritin
is induced in proteomic studies with different pathogenic challenges [27,28].

Work on insect ferritins has been reviewed previously [29,30]. This review will focus on
progress made in the last five years. Although the Class Insecta has thirty two orders, the focal
point of the review will be on the two orders where the most work has been done: Lepidoptera
(moths and butterflies) and Diptera (flies and mosquitoes). This review will cover the structure
of insect ferritins, the role of secreted ferritins, the involvement of ferritin in insect iron
absorption, and putative roles of insect ferritin expression based on data obatained in response
to different chemical and pathogenic treatments. The unique problems (specifically, assembly
and iron loading) faced by the secreted insect ferritins will be discussed in depth.

2. Structure comparison

Insect ferritin subunits with greatest amino acid sequence similarity to the heavy chain of
vertebrate ferritin subunits hereafter will be referred to as heavy chain homologue (HCH)
subunits. All of the HCH are considered such because they have a conserved ferroxidase site.
Although similarity to the vertebrate light chain is variable, insect sequences that lack the
ferroxidase site are considered as a light chain homologue (LCH), and this nomenclature is
used throughout this review.

Biochim Biophys Acta. Author manuscript; available in PMC 2011 August 1.
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In insects, the crystal structure of ferritin is determined only for the lepidopteran Trichoplusia
ni (cabbage looper). The crystal structure of ferritin from T. ni [31] consists of 12 heavy chain
and 12 light chain subunits configured in tetrahedral (32) symmetry. This is in contrast to
homopolymers of the recombinant mammalian heavy chain or heteropolymers of horse spleen
ferritin that consist of 24 subunits configured in octahedral (432) symmetry. Ferritin symmetry
allows the formation of pores in the molecule where iron can enter; iron is subsequently
oxidized, and nucleation of ferrihyrdrite mineral occurs in the core of the molecule and in
coordination with phosphate and oxygen.

An analysis of the primary structure of the known insect ferritin subunits is shown in Fig. 1.
Structural analysis indicates that C groups present on each of the subunits allow for the
formation of a tetrahedral structure with equal numbers of HCH and LCH. Generally, these C
residues are well conserved among insect ferritin subunits. C21 and C130 in the HCH and C4
and C24 in the LCH form intra-subunit disulfide bridges, while HCH-C3 and LCH-C12 form
inter-subunit disulfide bridges. (The amino acid numbers refer to those for the T. ni ferritin
subunits.) These bridges allow folding of the molecules into the more stable tetrahedral
structure. T. ni ferritin consists of 22 kDa HCH and 27 kDa LCH subunits [31]. The disulfide
bridges were confirmed by SDS-PAGE in T. ni by the presence of a 50 kDa constituent,
validating that assembly of the ferritin molecule is initiated by bridges forming between HCH
and LCH subunits. Notably, some of the C residues required for this configuration are not
conserved in the mosquito ferritins, suggesting that the structure of these molecules in
mosquitoes could differ from that of other insects. Insect subunits show the characteristic 5 (-
helices (A-E) of the vertebrate ferritin subunits. However, the insect subunits show an extended
N-terminal region forming loops that bridge adjacent subunits on the surface of the shell. The
loop between the B and C helices in T.ni ferritin LCH chain is also longer and relatively
disordered, which suggests that this region could be glycosylated at the putative N-linked
glycosylation site at N115 [31]. Even though most other insect LCH show a putative N-
glycosylation site (N-X-S/T), only the LCH subunits of Calpodes ethlius (skipper butterfly)
[21] and Aedes aegypti (yellow fever mosquito) [32] have been confirmed to be glycosylated.
Although the HCH appears to be processed post-translationally as the subunit mass determined
from the deduced amino acid sequence is less than that indicated by migration on SDS-PAGE,
this does not appear to be due to glycosylation [18,22,33].

The secondary and tertiary structures of the T. ni HCH chain appears similar to the mammalian
H chain as it retains all five ordered a-helices (Fig. 2). In contrast, although the A. aegypti HCH
subunit preserves all five a-helix domains, it shows more disorder in the fourth helix (D; yellow;
Fig. 2A). Lepidopteran ferritin polymers have been observed to crystalize with ease [31,34];
this phenomenom, however, has not been reported for dipterans. This disparity in crystalization
tendency or formation of polymers might be defined by the difference in secondary and tertiary
structures of the ferritin subunits in the two orders. Previous work in mammals indicates that
the H/L ratio in ferritin polymers can be used to explain their redox activity [35]. The slight
divergence in secondary and tertiary structures of the ferritin subunits could explain the
variation in the eventual HCH/LCH ratio in ferritin polymers of the two orders in time of stress
as they face very different oxidative stress challenge in their nutrional needs (plant diet
versus blood meal; see below).

3. Secreted ferritins

While ferritins are generally sinks for iron, their functions in iron metabolism differ within the
animal kingdom. In mammals, ferritin is found mainly in the cytoplasm of cells and serves as
an iron storage protein, with the liver as the primary iron storage tissue. In insects, ferritin
occurs primarily in association within the vacuolar system and in hemolymph, and serves a
role in iron transport. Homopterans are an exception; these xylem-feeding insects, such as
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Philaenus spumarius, have abundant cytosolic and nuclear holoferritin in addition to vacuolar
holoferritin [36], and their cytosolic ferritin is an HCH homopolymer [37].

Although where ferritin assembly and iron loading occur remains unknown, early electron
microscopy work indicates that iron-loaded ferritin is present in the Golgi, as well as in the
rough endoplasmic reticulum (RER) [38-40]. Insects appear to store iron in ferritin found in
the ER and nuclear envelope as well as associated with the Golgi [41]. This suggests that ferritin
assembles in RER, but is not immediately secreted. In dictyopterans (cockroaches and
termites), dipterans, coleopterans (beetles), hemipterans (true bugs) and lepidopterans,
intracellular holoferritin is rarely seen in the cytosol or the nuclear compartment, but is
consistently observed in the secretory pathway [36,42]. Only in P. spumarius are similar levels
of cytosolic and nuclear holoferritin observed [36].

Insect ferritin expression is increased in fat body in response to iron [19,21,39,43]. In
lepidopterans, hemolymph ferritin appears to originate from fat body [21,39,42], while in Apis
mellifera (honey bees, Hymenoptera [44]), as well as several other insects, holoferritin is also
found in the secretory pathway of fat body tissue [39-42]. Interestingly, both transferrin and
ferritin are found in droplets and not diffuse in cytoplasm in bumblebees, suggesting that both
are sequestered to the vacuolar compartments and not associated with other cellular organelles
[17]. Drosophila melanogaster (fruit fly) ferritin is also found in intracellular membrane-bound
compartments of the vacuolar system [45]. Work in D. melanogaster showed that GFP-tagged
HCH co-assembled in vivo with endogenous HCH and LCH subunits into mature
heteropolymers that contained iron. Iron fed to Drosophila larvae stimulated the formation of
ferritin that co-localized with the Golgi organelle in “iron cells” of the gut. Two other larval
cell types that accumulated ferritin in response to iron were the Garland cells of the sub-
esophageal body and the pericardial cells; both serve a nephrocytic function and filter
hemolymph. Since ferritin is found in hemolymph, the ferritin in these cells could come from
the hemolymph or be expressed in these cells and receive iron from the hemolymph. In the
Drosophila larval brain, high ferritin levels were found in the Golgi and appeared unaltered
by dietary iron treatment. In mosquitoes, when ferritin synthesis is stimulated by dietary iron,
ferritin is iron loaded, traffics through the Golgi, and is secreted into hemoplymph [46,47].

In eukaryotes, all proteins that enter the secretory pathway contain an ER signal sequence,
generally at the N-terminus [48]. This sequence directs the ribosomes to the RER. At the RER,
the protein crosses the ER membrane co-translationally, and is sorted to the lysosome or in
vesicles to be secreted from the cell. Proteins to be secreted are incorporated into small transport
vesicles, which either fuse with the cis-Golgi or with each other to form the membrane stacks
known as the cis-Golgi reticulum. In the process called cisternal migration, a new cis-Golgi
stack moves from the cis position (closest the ER) to the trans position (farthest from the ER),
becoming first a medial-Golgi cisterna and then a trans-Golgi cisterna. From there, a secretory
protein is sorted into one of two types of vesicles: continuous or regulated. Most modifications,
including disulfide formation and oligomerization, occur in the RER or Golgi.

Work on flies, moths, and mosquitoes [47,49,50] has indicated that the iron-loaded ferritin
travels through the Golgi and is then secreted into the hemolymph. In non-blood-feeding insects
such as fruit flies and moths, secreted ferritin consists of equal numbers of HCH and LCH
subunits [31,49]. How do insect ferritins assemble into a multimer with equal numbers of HCH
and LCH? Are the HCH and LCH subunits signaled for simultaneous expression so both types
of subunits can arrive at the RER or Golgi in tandem for assembly? If not, how are they held
in the RER until complete assembly occurs? Even more puzzlingly, how is the multimeric unit
loaded with iron?
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Current views deem that the mature ferritin polypeptide translocates to the ER followed with
cleavage of the signal sequence. From there, the particle enters the Golgi. How do 24 subunits
come together in an orderly manner in the lumen of the RER and why are they not secreted
prior to complete assembly? Possibly, the constant ratio of HCH and LCH subunits is
established through a strict post-transcriptional regulation where similar expression of the HCH
and LCH subunits allow an in tandem arrival of the two types of ferritin units in the RER or
Golgi for assembly [49]. Recent crystollography data [31] for the cabbage looper T. ni suggest
that the interface interactions, including salt bridges and cation pi interactions, are vital to the
rapid assembly of the HCH/LCH hetorodimer, which in turn serves as the nucleation site for
subsequent oligomerization. These data also confirm the existence of inter- and intra-subunit
disulfide bonds, which may serve as knobs on the surface of insect ferritins that could bind to
an ER-resident receptor, and thus allow the oligomer to be retained in the ER for iron loading.

The hypothesis that the knobs formed by disulfide bonds serve as recognition sites for an
internal ER receptor, however, cannot be extended to mosquitoes, as mosquito ferritins do not
have most of the C residues identified for this process (Fig. 1). (This exception may be unique
to mosquitoes and not necessary to other dipterans—as both Drosphila [51] and Glossina
(tsetse fly) [15] retain these C residues.) Mosquitoes could use a different post-translational
modification, such as acylation or myristoylation, to retain the subunits in the ER as has been
speculated for the lepidopterans Calpodes and Galleria (wax moth) [29,52]. On the other hand,
since secreted ferritins from mosquitoes consist mainly of HCH chains [46,47], the oligomers
do not have to be retained within the ER or Golgi to await the incorporation of the LCH subunits.
Thus, problems faced by the other insects regarding assembly of the ferritin shell with equal
numbers of LCH and HCH may not be pertinent to mosquitoes. Surprisingly, although the
blood-feeding Glossina retain all the C residues, their secreted ferritins also contain much
higher HCH content [15]. These data together suggest that, under iron overload conditions such
as the blood meal, synthesizing ferritins with higher oxidative capabilities to meet the urgent
need for detoxification surpasses the requirement for ferritins to remain in the lumen to obtain
a constant ratio of LCH to HCH.

In vivo iron loading and release mechanisms from insect ferritins, however, remain unknown.
Ferritin has the potential to store up to 4500 atoms of iron in a single molecule. In
Drosophila, considerable iron storage of dietary iron occurs even with lowered levels of
ferritin. Specifically, dietary iron administration increases iron loading of GFP-tagged ferritin
in vivo even if ferritin levels are limited [49]. These data indicate that, if adequate ferritin is
present, ferritin levels do not determine the levels of iron stores. This agrees with the work in
mosquito larval epithelial cells where iron levels correlate with the types of ferritin isoforms
and not the levels of ferritin expression—specifically, vesicular holoferritin consisting of both
the LCH and HCH subunits is maximal at low levels of iron, while secreted holoferritin
consisting primarily of HCH subunits increases in direct linear relationship to high iron dose
[48].

4. Iron absorption

Animals in general control iron homeostasis primarily by limiting dietary iron absorption. Iron
enters the diet in two forms, as heme and as ionic iron released from proteins during digestion.
In mammals, ferric is reduced at the enterocyte apical border and absorbed via an apical
membrane protein (Divalent Metal Transporter 1 (DMT1), [1]). In contrast, heme is absorbed
intact and degraded within the cell, thus releasing the iron. Iron can be stored inside enterocyte
ferritin that is lost in the feces when the cells slough off, or it can be transported into blood
via a basolateral membrane protein, ferroportin (reviewed by [53-55]). Ferroportin levels are
controlled by hepcidin, which is secreted from the liver in response to elevated hepatic iron
stores and signals a reduction in iron delivery to blood by increasing degradation of ferroportin
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[56]. Hepcidin synthesis, in turn, is controlled by several other proteins. In the absence or
mutation of these proteins, hepcidin secretion is reduced and iron absorption is unhindered,
resulting in conditions of hemochromatosis. Hepcidin is increased also in infection by the
induction of hemojuvelin. Although DMT1 is found in insects [57], the role of this protein is
not yet clear. Hepcidin and ferroportin are well conserved among mammals; however, these
proteins have not been reported in insects.

For aquatic insects, dietary iron would be primarily in the forms found in bacteria because
ferric is insoluble at the pH of most fresh waters. For adult insects, iron could be obtained from
soils and plants in a variety of forms, including as plant ferritin [58,59]. The blood meal of
hematophagous insects constitutes a high iron load in the forms of heme and ferric, which well
exceeds the iron exposure of non-blood-feeding insects. How insects absorb iron and maintain
iron homeostasis is unknown.

Lepidopterans express high levels of ferritin messages in gut tissues [19,21,23,33]. Iron
administration increases gut message expression and, in Calpodes larvae, provokes secretion
of holoferritin into the posterior midgut lumen [40], presumably for excretion in the feces
[29,40].

Like the lepidopterans, ferritin message and protein are increased in the gut tissues of the
dipterans—D. melanogaster and Musca domestica (housefly) in response to iron [60,61] as
well as in Glossina mortisans and A. aegypti females following a blood meal [62]. As noted
above, feeding iron to Drosophila increases iron-loaded ferritins in the “iron cells” of the
anterior midgut, Garland cells, pericardial cells and larval brain [45,63]. The normal laboratory
diet for Drosophila larvae allows sufficient iron and ferritin to accumulate in the “iron cells”
such that ferritin levels are not further increased with additional dietary iron. Although limiting
dietary iron by the inclusion of an iron-chelating agent in the diet mobilizes iron from the
ferritin of the “iron cells,” ferritin levels in these animals are maintained on this regimen. This
is similar to findings in larval mosquito cells, where ferritin from the membrane fractions is
maintained over time in the presence of treatment with the chelating agent desferrioxamine
[46]. These data suggest that iron is not the only stimulus for the maintainance of ferritin levels
in insects.

In Drosophila, inactivation of either of the ferritin subunits by mutation results in
developmental arrest and fly embryonic lethality [49]. A mutation in the open reading frame
of the LCH or in an intron sequence of the HCH with P-element insertions is lethal if
homozygous regardless of the mutation site, indicating that both subunits are essential to
maintain iron in non-toxic, bioavailable form. The heterozygous mutants for either the HCH
or LCH subunit show lowered endogenous expression of the counter subunit. The subunits do
not share redundant function in iron uptake and storage because, although overexpression of
the normal subunit rescues the viability of mutant of the same subunit, it does not restore
viability of the mutants of the counter subunit. The overexpression of HCH that lacks the
ferroxidase center in flies with the HCH mutation also will not rescue lethality of the HCH
mutant indicating that the ferroxidase site is required for function of the HCH, probably for
iron loading.

Iron absorption in hematophagous insects could differ somewhat from that of other insects

(Fig. 3A). In A. aegypti, substantial amounts of heme from the blood meal are bound to the

peritrophic matrix and lost when the matrix is shed into at the end of blood digestion [64]. The
majority of iron provided as heme in a blood meal is found in waste (87%) [26]. Of heme iron
absorbed from the meal, about half is delivered to the ovaries and eggs, and the remainder is
distributed among the tissues. Iron distribution to the fat body, head and midgut does increase
significantly 72 hours post blood feeding. In contrast to heme, 92% of iron delivered in a blood
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meal as ferric-transferrin is absorbed, and 77% of the absorbed iron is delivered to the ovaries
and eggs. Radiolabeled dietary iron is found in secreted ferritin in hemolymph, leaving little
doubt that, in these animals, hemolymph ferritin serves to transport meal iron into the
hemolymph from the gut (Fig. 3B). Furthermore, this radiolabeled iron is delivered to ovaries
and eggs where it is found in association with ferritin. A different mechanism limiting iron
absorption is found in Rhodnius prolixus (kissing bug, Hemiptera), where heme from the blood
meal is sequestered in the gut as hemozoin [65].

Given differences in the primary structure of other insect ferritins from mosquito ferritins, as
well as the levels of dietary iron to which hematophageous insects are normally exposed,
disparities among insects with regards to iron metabolism are to be expected. However, the
secretion of holoferritin into the hindgut, the upregulation of ferritin expression in gut tissues
and the sequestering of heme as hemozoin, all represent mechanisms that would protect insects
against iron overload. Thus, insects appear to have developed a variety of mechanisms for
maintaining iron homeostasis by limiting iron uptake or by enhancing iron excretion.

6. Functions of insect ferritins

a. Iron transport

It has been long known that insect ferritins are secreted proteins and that they circulate to
different tissues through the hemolymphatic system (see previous reviews [29,30]). These
observations have led to early speculation that they serve as iron transport protein. This role,
nonetheless, has only been recently confirmed [26]. Work in mosquitoes showed that iron
provided as >%Fe transferrin in a blood meal was identified in hemolymph and egg ferritins—
indicating that secreted ferritin is an iron transporter that carries iron first through the
hemolymph and subsequently delivers iron to other tissues (Fig. 3B). Current data suggest that
all insect tissues make ferritin as all tissues examined show expression of both the LCH and
HCH messages (Table 2), though at different expression levels [15,17,19,21-25,33 60,62,66,
67]. However, as stated earlier, where or how insect ferritin is iron loaded or unloaded remains
unknown.

Iron is released from mammalian ferritin mainly by proteolytic lysosomal degradation of the
protein [68,69]. Release of °%Fe from ferritin, studied in three different cell lines, was blocked
by inhibitors of lysosomal activity (leupeptin, chymostatin and chloroquine), but not by the
proteosomal inhibitor (lactacystin) [69,70]. In a similar manner, the insect ferritins may enter
the cell and release iron through lysosomal degradation of ferritin and/or lysosomal autophagy
in tissues such as ovaries that require high levels of iron for growth and cell differentiation.

b. Roles in oxidative stress and infection

Mammalian cytosolic ferritin is considered an important inhibitor of free radical production,
and seems to be the only cytosolic protein carrying ferroxidase activity [2]. Mammalian
cytosolic ferritins that are H-rich are often found in tissues with more pronounced anti-oxidant
activity, such as the heart and brain, whereas those that are L-rich are located mostly in tissues
with a more elevated iron storage function, such as the spleen and liver. Just as their mammalian
counterparts, insect ferritins also play a role as a cytotoxic protector against oxidative
challenges. In non-hemaphagous insects, such as Drosophila, overexpression of both the HCH
and LCH gene is required to confer protection against oxidative stress [49]. Likewise, in
hematophogous insects, expression of both LCH and HCH genes in mosquito cultured cells
increases with iron, H,O, or hemin treatment, and the temporal expression of the genes is very
similar; in addition, expression of both LCH and HCH genes in whole animals are induced
with a blood meal [71]. These results suggest that ferritin could serve as the cytotoxic protector
in mosquitoes against the oxidative challenge of the blood meal. Hematophagous insects face
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a much higher iron load than non-hematophagous insects. In both tsetse flies and mosquitoes,
secreted ferritins are HCH-rich conceivably to deal with the antioxidant needs demanded by
the nature of their diets, comparable to H-rich cytosolic ferritin isoforms found in mammalian
tissues that must cope with high anti-oxidant activities [15,47].

In addition to cytosolic ferritin, mammals also have mitochondrial ferritin, which has a limited
tissue distribution and functions probably as a protector against mitochondrial iron toxicity
and oxidative damage [72]. In the same way, insect mitochondrial ferritin expression is limited
mainly to the testis [63]. Overexpression of insect mitochondrial ferritin has diminutive effects
on development and total iron stores, but significantly improves resistance to oxidative stress
[63]. These results support an antioxidant role for insect mitochondrial ferritin parallel to that
of the mammalian mitochondrial ferritin.

c. Role in immunity

In bumblebees, HCH is upregulated in response to iron, wounding and bacterial infection
[16]. In the beetle Tribolium castaneum, when suppression subtractive hybridization was used
to identify genes that are transcriptionally induced in response to injection of crude
lipopolysaccharide (LPS), ferritin genes were identified as potential antimicrobial effector
genes [27]. In the malaria mosquito, the LCH and HCH chains were among a subset of proteins
with decreased expression following bacterial injections [28]. These observations of an altered
expression in ferritin genes with different pathogenic exposure suggest a role for these proteins
in insect immunity.

d. Reciprocal function with transferrin?

In Bombus ignitus (bumble bee), injection of FeCl3 into worker bees causes a nearly linear
increase in HCH mRNA in epidemis, gut, fat body and muscle until 15 h post iron
administration [17]. Interference with HCH using dsRNA also increases transferrin mRNA
and vice versa. These preliminary data suggest that ferritin and transferrin may share a
reciprocal role under iron overload conditions. However, these data are somewhat difficult to
interpret because the controls do not include a scrambled dsRNA, and the levels of
upregulation, although significant, are low.

7. Conclusion and future directions

Significant progress has been made in the field of iron metabolism in insects since the initial
work in the eighties and nineties [40,43,73]. Current data indicate that insect ferritins not only
serve as iron storage proteins, but also as an iron transport vehicle [26]. They also appear to
be involved in the oxidative stress and immune responses. A total knock-out of either insect
HCH or LCH chain proves to be lethal [49], suggesting that, as in mammals [74], there is no
functional redundancy between the two subunits and that neither homopolymer is able to
maintain iron in a nontoxic form.

In fruit flies, overexpression of ferritin shows no significant change in total iron. These results
differ from those observed in mammals where ferritin overexpression causes iron deficiency
dueto increased iron retention in ferritin [75,76]. Currently, no data on the relationship between
cellular iron and ferritin levels in hematophogous insects is available. As transgenic mosquitoes
become a reality, and genetic manipulation of mosquitoes becomes a routine procedure,
transgenic mosquitoes that overexpress ferritin could be used in the future to determine: (1)
whether there is a relationship between ferritin and cellular iron levels in mosquitoes, and (2)
whether ferritin protects these animals against chemicals known to cause oxidative stress.
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In addition, repression of the subunits through transgenic mosquitoes or the use of RNA
interference (RNAI) in future studies will resolve the effects of the ferritin subunits on growth
and development. In the hematophagous arthropod Ixodes ricinus (sheep tick), silencing of the
HCH (FER2) subunit through the use of RNAI adversely affects the hatching rate of eggs,
decreases the weight of female ticks and dramatically impairs the ability of ticks to feed [77].
Similar results to those of the sheep ticks are expected for hematophagous insects, as the HCH
subunit for the insects plays a similar iron transport role to that of the ticks. In the near future,
RNAI techniques could be used to inhibit expression of ferritin and to determine the effects of
subunit loss on growth and fitness, as well as the extent of oxidative damage following blood
feeding or exposure to strong oxidants. The repression of the ferritin subunits will probably
produce significant phenotypic changes in the cell growth and maturation of ovaries and eggs,
as well as interfere with feeding due to the potential for high oxidative stress caused by the
intake of a blood meal.

Insects are responsible for numerous human diseases (e.g., malaria, trypanosomiasis, dengue,
etc.; www.who.org and www.cdc.gov) and cause serious agricultural losses [78,79]. As
elaborated throughout this review, significant differences have been found between
mammalian and insect iron metabolism (Table 1). These differences may be used as potential
strategies for insect control. Currently, a major obstacle in controlling disease vector insects,
such as mosquitoes and tsetse flies, is that the genome of the pathogen as well as the genome
of the host insect is quite plastic. Hence, to control insect disease vectors, a multi-faceted
approach must be used. A simple blockage of the pathogen invasion pathway will not be
sufficient to prevent disease transmission because pathogens are well known for their ability
to evolve resistance to new environments/obstacles. Thus, preventing the insect hosts from
becoming efficient carriers is also necessary, but there again, the genetics shift of insects creates
serious problems. Further, agriculturally important insect pests have analogous genetic
plasticity, and to manage these latter insects, comparable issues must be addressed.

Thus, a thorough understanding of the biology of the host insect, including its iron biology, is
essential for the development of effective control strategies. Fundamental problems regarding
the assembly of the ferritin subunits, iron loading of ferritin multimers, and iron usage in insects
remain to be resolved. In solving these problems, a fascinating and distinctive pathway may
be revealed for insects that differs from their mammalian counterparts (Precambian divergence)
and from each other (Paleozoic divergence) by hundreds of millions of years—as has already
been established in some of the current work reviewed here.
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LKAAMQYMAMGAHFSKDIVNRPGFAKMFFEAASEERQHAIKLISYLLMRGEL - TSKVSEL
LKAAMQYMAMGAHFSKDTVNRPGFAEIFFKSASEEREHAIKLISYLLMRGEL - TSKVSSL
INAAMTYLAMGAHFARDTVNRPGFSKFFFDSASEEREHAIKIIEYLLMRGHL - TDDVSKL
VGASLQYLAMGAHFSKDKINRPGFAKLFFDAAGEEREHAMKLIEYLLMRGEL - TNDVTSL
VAASLQYLAMGAHFSKDTINRPGFAKLFFDAGSEERGHAMKLIEYLLMRGEL - TSDVTSL
VGASLQYLAMGAHFSKDVVNRPGFAQLFFDAASEEREHAMKLIEYLLMRGEL - TNDVSSL
VAASLQYLAMGAHFSRDGINRPGFAKLFFDASSEERGHALKLIEYLLMRGEL - TSNISSL
IDASYTYLAMGAHFSRDTINRPGFAEHFFKAAKEERQHGAKLIEYLSMRGQL-TDDVTDL
INASYQYLAMGAYFSRDTVNRPGFAEHFFKAAKEEREHGSKLVEYLSMRGQL - TEGVSDL
YNAAMIYLSLGVHFSRDFVNRPGFAKFFFESASEERQHAIKLIEYLSMRGES - VTDIAKL

FDAAIFYMQYGAYFAQYQVNLPGFEKFFFNAASEEREHGMKLIEYALMRGQKPIDRNTFS
FDASIIYLKYAAYFAQEKINLPGFEKFFFHAAAEEREVGIKLIEYALMRGKAPVDK HFK
. s akr ek okkk . ckka o kkk k| ke ko kokok
IRSRKLVPQ- -KTYWDSGVEALKDALNLEASVTKKIRKVIKNCEED - - -SFN- - - - - DYH
IK-RNLMPS--QTTWTNGVSALKDALKLEASVTRKIRDVIKVCEEAK- -SFN- - - - - DYH
LDISSLGPL--RETWSNGIGALKNALELETDVTKKIRNIIKHCEKPKDSNFN- - - - - DYH
IQVRAPQ- - - -RNKWEGGVDALEHALKMESDVTKSIRTVIKACEDDPE--FN- - - - - DYH
IQIRPPE- - - -RKSWSSGVEALEHAVKMESDVTKSIRTVISDCESDPN--FN- - - - - DYH
LQVRPPT - - - -RSSWKGGVEALEHALSMESDVTKSIRNVIKACEDDSE--FN- - - - - DYH
ITIRPPE- - - -RKSWESGQEALEHALRMETAVTKSIKNVIVNCEHDRE - - ANGRDDNDYH
IMVPTVS- - - -KHEWSSGTEALEDALRLETDVTKSIRKLIQTCERK- - - -HN- - - - - YYH
INVPTVA- - - -KQEWTDGAAALSDALDLEIKVTKSIRKLIQTCENKP---YN- - - - - HYH
VKLDPETMPGMASVSLNGKEALEKALQQEVLVTNNILKVMKACENEEVKDAAWTLPNDYH
LNFANPAARVDAEQGSVALTALKAALAKEQEVTKSIRELIKICEEDHN--------- DYH
LNYDHEVPTVTTGES- - - - - ALETALQKEVEVTKSIRGVIKACEDGSN--------- DFH
. )k ke ko kKK xSk « %

IVDYLTGDFLTEQYQGQRDIAGKVSTLEKLKVKHGALGEFLFDKKLLNGEL 212
LVDYLSGDFLGEQYQGQRDIAGKISTLEKMTEKHGALGEWLFDKKLLKGEL 212
LVDYLTGEFLTEQYKGQRDLAGKISTLGKMMATNGVLGEFLFDKKLLNNEV 217
LVDYLTGEFLEEQYKGQRDLAGKASTLKKMLDRNSALGEFIFDKKLMGMDI 211
LVDYLTGEFLEEQYKGQRDLAGKASTLKKMMDRHASLGEFIFDKKLLGIDV 211
LVDYLTGDFLEEQYKGQRDLAG-ASTLKKLMDRHEALGEFIFDKKLLGIDV 190
LVDYLTGEFLDEQYKGQRDLAGKAATLKKMMDRHSALGEFIFDKRLLGMDI 216

LVDWLTGVYLEEQLHGQRDLAGKISTLKKMMDNHGGLGEFLFDKEL - - - - - 205
LVDYLTGVYLEEQLHGQRELAGKLTTLKKMMDTNGELGEFLFDKTL - - - - - 205
LVDWLTAEFLDEQYKGQRDIAGKLSTLLKMGSSNYHLGEFLFDKKLLSNEA 227
LVDYLTGEFLEEQHQGQRDLAGKITMLSKLLRTNPKLGEFMFDKQNM- - - - 216
LADYLTGEYLDEQHKGQRELAEKIATLKKMKKSAPKLGEFLFDKNHM---- 209
. sk Rk skokk sk . KoKk s KoKk
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------------------------- ADTCYNDVALDCGITSNSLALPRCNAVYGEYGSHG
------ MNPITFFVACLLALCGAVAADTCYQDVSLDCSQVSNSLTLPNCNAVYAEYGHHG
------ MKVILSVVACFLAVSGALAEDACYNDVSLQCAQASNNLGLAHCNSIYGEYGRHG
------ MNPMFLLVSCLLAVSG-VFADVCYQDASMECGLASNSLELSNCNAVYGNYGRHG
- ---MKFLIFVALLAS- -SCVLLKAEEVCHNNVVRACSTSTLS -GPSICNARYGGIS- - -
- ---MKFFVALALFACLGSLALAKDDEYCQNTVITACSTSAFS-ANSICNARFAGID- - -
- - -MKAFIVFVSLCAVAVAQVEDHLSKSCYNDIDTICKHSKLSPKDSYCSAKYGGIN- - -
-MHKLIACVFLSLLAVAASIKPDAEKGACVKSVANFCHATEQK- - ISDCNAQYSGFH- - -
MMAKMNVVFVLGFVLVASAFATDLSANDCEINVEECSPTYSSFLSRSGKTVEN- - - - - - -
------ MKFILGTVALLAGLCMVRADNN- - - - - -NSTVSFTAQFS-SIAHIGN-------

NVATELQAYAKLHLERSYDYLLSAAYFNNYQTNRAGFSKLFKKLSDEAWSKTIDITIKHVT
NVAKEMQAYAALHLERSYEYLLSSSYFNNYQTNRAGFSKLFRKLSDDAWEKTIDLIKHIT
NVATEMQAYANLHLERSYEYLLSAAYFNNYQTNRDGFSKLFKKLSDQAWEKTIELIKHIT
NVASEMQAYANLHIERSYQYLLSPAFFDNYNTNRKGFSALFKKLSDHAWSKSIELIQHIT
HVEPELQAYINSHLTKSYEYLLLATHFNSYQKNRPGFQKLYQSLSDRSFDDTIDMIKQLT
HIEPEIQSYINANLAKSYDYLLLATHFNSYQKNRPGFQKLYQGLSDRSFEDSIALIKQVT
KVQEGLQKFVNDHFTLSFHYLLMATHFDNYNKNRPGFEKLFRGLSDDTWEDGIELIKYIT
HVHSDLQQFVVTQIEQSFQFLTMATKFGNYKSNRPGFEKLYRGLADKSWEESIELMKYIT
- ---DLKQYTSQLVDKSFHFLMMSSAFNKHSLDRPGFEKLYRKISDKAWADAIELIKYQS

----DLQTFTSQQLEKSFDFLLLAFNFDQYMIDRPGFEKLYRKISDKAWEDTEKLIKYQS
KRGDKMNFDQHS - - - - - - - TMKTE -RKNYTAENHELEALAKALDTQKELAERAFYIHR-E
MRGDEMNFAQRS- - - - - - - TQKSVDRKNYTVELHELESLAKALDTQKELAERAFFIHR-E
KRGGEMNFAQRS- - - - - - - TQQPAERKNYTVELHELESLAKALDTQKEIAERAFYIHR-E
KRGDVMDFSRRS - - - - - - - TLAST-AKNVTLELPELESLAHALDTQKEMAERAFYIHR-E
RRGGKADFNTRHE - - - - - - SPASVSTQQQRLEVDELHSLAMALDNEKQLTTGAFHVHT -Q
RRGGIVDFNTRHE- - - - - - SSGSVSTKRGTLEVDELHSLALALDTEKQLATGATHVHS-R
KRGGEMNFNLQS---------- YFNETKPDAELYEYYAVGKALDNHKKLALEAFEVQK-E
SRGYDVNLKITPYQYSN- -NTKSLTEISTYPEISELKSLSMALEMNKFLAEKAHDIHHNA
RRGSFGHLVQPSKGE - - - -NYGKV - - - - - - LDVQELSSLQFALDYEKQMAKEAHAIHR-K
KRGLTVELKDLKGGVIGQLNDGKVGGSISLLDSDEISSLKVALGYEKILAEESHHIHK-K
ATRNSQ---------- HLHDPEIAQYLEEEFIEDHAEKIRTLAGHTSDLKKFITANNGHD
ATRNSQ---------- HLHDPEVAQYLEEEFIEDHAKTIRNLAGHTTDLKRFVSGDNGQD
ATRNSQ---------- HLHDPEVAQYLEEEFIEDHSKTIRELAGHTTDLKSFITVNNGQD
ATRNSQ---------- KTHDPEIAQYLEEEFVEYQAKVIRDLAGHTTDLKKFVVSNKGQD
SLHAA- - ----------- RDPETAQYIEEKFLGSQAETIRKLSGYANDLAKLMNQ- - -PD
ATHATD---------- AERDPELAHYFEENFLGKQAESVRKLSGYANDFAKLMKV - - - PD
AANKAK- - -------- DYHDPEITSYLEHEFMHKHRDIVK-LAGYTSDLNKILDG- - -PD
ASHSKD- - -------- KPHDAEVMSFLENTYVHKHADTIRTLTGHVNDLHKITQTR-GVD
ISHAHSKAGSNGSDDVYHYDPDAAHYLDENIIEYQSGVVRDLAGYVHNLKHFTSAK-HAA
ISHAHDNKAT - - ------ YDPDVAHFLDEEITEYQSGTIRKLTGYIYNLDSIIKE- -DKT

LSLALYVFDEYLQKTV 212
LSLALYVFDEYLQKTV 232
KSLAFYLFDEYLQKTV 232
LSLALYLFDEYLQKSV 230
PSLATYLFDEYLQKQ- 222
PSLSVYLFDEYLQKQ- 227
SSLSLYLFDEYLQKQ- 224
ANLATFMFDEFLLKA- 236
NDLGNHVFDEFLAKVE 233
KDLGIHMFDEYLDKVE 221

VR, kR ok

Fig. 1. Amino acid sequence alignment for insect HCH and LCH subunits

The signal sequences for both the HCH and LCH T. ni subunits are removed to maintain the

same numerical assignments as cited in the original structural work [31]. * = identical residues; :
= conserved residues; . = semi-conserved residues. The sequence alignments were performed
using Clustal 2.0.11 multiple sequence alignment at

http://www.ebi.ac.uk/Tools/clustalw2/index.html with known insect HCH and LCH sequences

deposited at the National Center for Biotechnology Information
(http://www.ncbi.nlm.nih.gov/). A. Sequence alignment for insect HCH subunits. C
residues involved in inter- and intrasubunit disulside bonds are bolded and overlined; amino

acid residues in ferroxidase center are italicized; amino acid residues engaged in the salt bridges
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and pi-cation interactions are shaded in grey. Sequences are from Manduca sexta (hawkmoth,
Lepidoptera) [19], Calpodes ethlius (skipper butterfly, Lepidoptera) [21], Galleria
mellonella (wax moth, Lepidoptera) [23], Nilaparvata lugens (plant hopper, Hemiptera) [22],
Aedes aegypti (yellow fever mosquito, Diptera) [18], Drosophila melanogaster (fruit fly,
Diptera) [20], Anopheles gambiae (malaria mosquito, Diptera) [80], Apriona germari (long
horned beetle, Coleoptera) [24], Leptinotarsa decemlineata (Colorado potato beetle,
Coleoptera [25], Glossina morsitans morsitans (tsetse fly, Diptera) [15], Bombus ignitus
(bumble bee, Hymenoptera), [16,17] and Trichoplusia ni (cabbage looper, Lepidoptera) [31].
B. Sequence alignment for insect LCH subunits. C residues and amino acid residues engaged
in the salt bridges and pi-cation interactions are represented as described in (A). Putative N-
glycosylation sites (N-X-S/T) are underlined. LCH subunit sequences are from the same
species and references cited above; no LCH sequence was reported for B. ignitus.
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Aedes Trichoplusia Human

Aedes Trichoplusia Human

——

Fig. 2. Molecular modeling for insect HCH and LCH subunits

The molecular modeling [81-83] was performed at Swiss-Model website
(http://swissmodel.expasy.org). A. Structures of heavy chains. Aedes = A. aegypti;
Trichoplusia = T. ni; human = Homo sapiens. Helix A = blue; helix B = magenta; helix C =
green; helix D = yellow; helix E = red. Color coding: blue = N-terminus; red = C-terminus.
Arrows = C-terminus of domain. B. Structures of light chains. Abbreviations and colors are
as described in A.
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| Wastes s 7. G754 8]

Fe-Human Transferrin

Midgut:

Fe-Fer

Fig. 3. Iron metabolism in mosquitoes. A. Main route for iron absorption

Fe-Human Transferrin = iron from human transferrin in the blood meal; Fe-Human Heme =
iron from human hemoglobin in the blood meal. Fe (not bolded) = % of Fe-Human Transferrin
deposited in eggs or going to waste; Fe (bolded) = % of Fe-Human Heme deposited in eggs
or going to waste. B. Proteins involved in iron transfer to different tissues. Fe = iron; Fer
= insect ferritin; Tf = insect transferrin.
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HCH and LCH expression in different tissues

Table 2

Subunit | Tissue Common name Reference
HCH Gut cells Bumblebee [17]
Colorado Potato Beetle | [25]
Honey Bee [44]
Tobacco Hornworm [19]
Skipper Butterfly [21,40]
California Lopper [23,33]
House Fly [61]
Fruit Fly [49,60]
Mosquito [62]
Hemolymph Skipper Butterfly [21,41]
Tobacco Hornworm [50,84]
Mosquito [26,62]
Fruit Fly [60]
Fat Body Skipper Butterfly [21,38,41]
Tobacco Hornworm [19]
Fruit Fly [45]
Pericardial cells | Fruit Fly [45]
Garland cells Fruit Fly [45]
Brain/Head Fruit Fly [45]
Ovaries Fruit Fly [60]
Mosquito [62]
Testis Mosquito [62]
LCH Gut cells Colorado Potato Beetle | [25]
Honey Bee [44]
Tobacco Hornworm [19]
Skipper Butterfly [21,40]
California Looper [23,33]
House Fly [61]
Fruit Fly [49,60]
Mosquito [62]
Hemolymph Skipper Butterfly [21,41]
Tobacco Hornworm [50,84]
Mosquito [26,62]
Fruit Fly [60]
Fat Body Skipper Butterfly [21,38,41]
Tobacco Hornworm [19]
Fruit Fly [45]
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Subunit | Tissue Common name Reference
Brain/Head Fruit Fly [45]
Ovaries Fruit Fly [60]
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