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Summary

Iron is essential for cell survival and function; yet excess iron is toxic to cells. Therefore, the
cellular and whole-body levels of iron are regulated exquisitely. At least a dozen proteins
participate in the regulation of iron homeostasis. Hemochromatosis, a genetic disorder of iron
overload, is caused by mutations in at least five genes, namely HFE, hemojuvelin, Transferrin
receptor 2, ferroportin, and hepcidin. Retina is separated from systemic circulation by inner and
outer blood-retinal barriers; therefore it is widely believed that this tissue is immune to changes in
systemic circulation. Even though hemochromatosis is associated with iron overload and
dysfunction of a variety of systemic organs, little is known on the effects of this disease on the
retina. Recent studies have shown that all five genes that are associated with hemochromatosis are
expressed in the retina in a cell type-specific manner. The retinal pigment epithelium, which forms
the outer blood-retinal barrier, expresses all of these five genes. It is therefore clearly evident that
iron homeostasis in the retina is maintained locally by active participation of various iron-
regulatory proteins. Excess iron is detrimental to the retina as evidenced from human studies and
from mouse models of iron overload. Retinal iron homeostasis is disrupted in various clinical
conditions such as hemochromatosis, aceruloplasminemia, age-related macular degeneration, and
bacterial and viral infections.
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Introduction

Iron is an essential micronutrient necessary for the function of many proteins/enzymes that
are indispensible for normal cellular activity. Diet is the only source of iron for the body.
There are two forms of dietary iron: heme ( 15% of iron in average diet) and nhonheme

( 85% of iron in average diet) (1). Heme iron is obtained from hemoglobin and other
hemoproteins, mostly from animal products. Iron in plant foods is in the form of nonheme
iron, the form of iron added to iron-fortified foods. Heme iron is absorbed in the intestine
more efficiently than nonheme iron (1). Intestinal absorption of nonheme iron is facilitated
by vitamin C but inhibited by tannins, calcium, polyphenols, and phytates. Iron is the most
abundant mineral on earth; yet iron deficiency is the most prevalent nutritional disorder in
humans (2). Iron deficiency may result from low dietary intake, inadequate intestinal
absorption, excessive blood loss, or due to a variety of genetic mutations (2). Although iron
is essential for the survival of cells, excess iron is toxic. Iron is a prooxidant; excess iron can
undergo Fenton reaction, catalyzing the conversion of H,O5 to hydroxyl radical, arguably
the most reactive oxygen species. Hydroxyl radicals cause lipid peroxidation, DNA strand
breaks, and degradation of cellular components resulting in tissue damage (3). Since only
small amounts of iron are lost daily from the body by processes such as sloughing of
intestinal mucosal and skin cells, and excretion in urine and bile, with women having



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Gnana-Prakasam et al.

Page 2

additional losses associated with menstruation, the whole body iron status is regulated
primarily at the level of intestinal absorption (4).

In the retina, there are many iron-containing proteins that are involved in the
phototransduction cascade. RPE65, an iron-containing protein expressed in retinal pigment
epithelium (RPE), is an isomerohydrolase responsible for the conversion of all-trans-retinyl
ester to 11-cis-retinol in the visual cycle (5). Photoreceptor cells constantly shed and
synthesize their outer segment discs and thus depend highly on fatty acid desaturase, an
iron-containing enzyme necessary for the synthesis of membrane lipids. RPE plays an
important role in the maintenance of photoreceptor excitability by phagocytosis of shed
photoreceptor outer segments (6). The photoreceptor outer segments are digested, and
essential substances such as retinal are recycled and returned to photoreceptors to rebuild
light-sensitive outer segments from the base of the photoreceptors. However, like other cells,
retinal cells are also susceptible to oxidative stress caused by excess iron. Excessive iron
impairs phagocytosis in RPE (6). Iron is also necessary for guanylate cyclase to synthesize
cGMP, the second messenger in the phototransduction pathway. Due to prolonged exposure
to light, photooxidation generates more than normal levels of reactive oxygen species in the
retina. Docosahexaenoic acid, a polyunsaturated fatty acid present abundantly in this tissue,
is subject to lipid peroxidation in the presence of reactive oxygen species, thus
compromising retinal function. Because of these reasons, regulation of iron homeostasis is
particularly important in the retina; disruption of this regulation is likely to have significant
biological and clinical consequences.

Proteins Involved In Iron Import In The Retina

Non-heme iron binds to transferrin in the blood in the form of Fe3*; upon binding to the
transferrin receptor (TfR), the transferrin-bound iron is taken up into cells via receptor-
mediated endocytosis through clathrin-coated pits. The endocytosis of the TfR was recently
found to be a regulated process that requires activated src kinase (7). Recent studies also
show that if there is a defect in clathrin-mediated endocytosis, TfR is internalized by a
caveolae-dependent pathway (8). Once inside the cell, iron is released from transferrin in
acidic endosomal compartment, and is exported to the cytosol. Transferrin receptor 1 (TfR1)
is the primary protein involved in cellular iron uptake. TfR2 is a homolog of TfR1; it also
binds and internalizes transferrin-Fe3* but with a 30-fold lower affinity than TfR1 (9).
However, cellular iron uptake might not be the function of TfR2 in vivo, because loss-of-
function mutations in 77RZ2lead to hepatic iron accumulation rather than iron deficiency (10,
11). TfR2 is one of the determinants of whole-body iron homeostasis. Divalent metal
transporter-1 (DMT1) is a proton/Fe* symporter located on the apical surface of intestinal
epithelial cells, which mediates the uptake of dietary Fe2*(12). In most cell types, this
transporter is also present on endosomal membrane, facilitating the export of Fe2* into
cytosol following receptor-mediated endocytosis of transferrin-iron.

Immunohistochemical studies have revealed the expression of transferrin in RPE and in the
inner and outer segments of photoreceptors, as well as in the inner retina (13). TfR1 is
detected in the ganglion cell layer, inner nuclear layer, outer plexiform layer, photoreceptor
inner segment, RPE, and choroid (13). TfR2 expression is found in RPE (14). Both receptors
are located in the basolateral membrane of RPE (Fig. 1), indicating that these receptors play
a role in the entry and regulation of transferrin-iron from choroidal circulation into RPE.
DMT1 is expressed in rod bipolar cell bodies, rod bipolar cell axon termini, horizontal cell
bodies, and photoreceptor inner segments (15).
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Proteins Involved In Intracellular Iron Storage

Ferritin is a cytoplasmic protein involved in iron storage. It consists of heavy (H) and light
(L) chains. Ferritin can bind up to 4,500 iron atoms. H-ferritin is a ferroxidase, and oxidation
of iron facilitates its incorporation into ferritin. L-Ferritin does not have ferroxidase activity
but promotes iron storage. Recently, a novel receptor specific for L-ferritin, scavenger
receptor, member 5 (Scarab), has been identified (16). This receptor mediates the delivery of
non-transferrin-bound iron (i.e., iron bound to ferritin) into cells. Ferritin has other biologic
functions in addition to its role in iron storage. By binding iron tightly, it prevents iron-
induced oxidative stress. Ferritin also interacts with p53 upon oxidative stress, indicating
that this iron-storage protein and p53 cooperate to protect cells from oxidative stress (17).
Ferritin also plays a role as a regulator of angiogenesis (18). HKa (cleaved product of high
molecular weight kininogen) is an endogenous inhibitor of angiogenesis, and ferritin binds
to HKa with high affinity and prevents the anti-angiogenic effects of HKa. Thus ferritin
functions both as an antioxidant and a pro-angiogenesis factor. Also, hereditary
hyperferritinaemia/cataract syndrome (HHCS) arises as a result of various point mutations
or deletions within a protein binding sequence in the 5'-UTR of the L-ferritin mMRNA, which
results in increased efficiency of L-ferritin translation. Each unique mutation confers a
characteristic degree of hyperferritinaemia and severity of cataract in affected individuals
(19, 20).

Ferritin is expressed in retina, primarily in the inner segments of photoreceptors, RPE,
choroid, inner nuclear layer, and the ganglion cell layer (15). The regions with the highest
iron levels coincide with the regions of ferritin expression. L- and H-ferritin antibodies label
the photoreceptor inner segments, outer plexiform layer, inner nuclear layer cell bodies, and
the innermost inner plexiform layer near the ganglion cell layer (21). In the inner nuclear
layer, much of the label is found in the axon terminals of the rod bipolar cells, suggesting
that ferritin may play a role in the transport or storage of iron in the pre-synaptic terminal.

Proteins Involved In Iron Export In The Retina

Iron that is not utilized or stored by the cell is exported by the transporter ferroportin coded
by SLC40A1(22). All cell types that export iron express ferroportin, including duodenal
enterocytes, phagocytes, Kupffer cells, astrocytes, retinal cells, and placental cells. Iron is
exported by ferroportin in Fe2* form, but must be oxidized to Fe3* before it can bind to
transferrin in circulation. Oxidation of Fe2* is accomplished by two ferroxidases,
ceruloplasmin and hephaestin, in a cell type-specific manner.

In mouse retina, ferroportin is localized to RPE, photoreceptor inner segments, the inner and
outer plexiform layers, and the ganglion cell layer (21). In RPE, the localization is
predominantly basolateral, suggesting that ferroportin functions to facilitate iron export from
RPE into choroidal blood (Fig. 1). Ceruloplasmin and hephaestin are also co-expressed with
ferroportin in RPE and Muller cells (23). These ferroxidases work with ferroportin to
oxidize Fe2* during its export from cells.

Iron-Regulatory Proteins In Retina

Hepcidin

Hepcidin is an iron-regulatory hormone coded by HAMP. It was originally identified as an
antimicrobial peptide secreted by the liver (HAMP, hepatic antimicrobial peptide), but later
found to be a critical iron-regulatory hormone (24). Ferroportin is the target for hepcidin.
This hormone is produced by liver as an 84-amino-acid pre-pro-hormone that is processed to
generate the bioactive 25-amino-acid peptide (24). Pro-hepcidin lacks biological activity
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(25). Hepcidin binding to ferroportin leads to the recruitment and activation of Janus
Kinase2 (Jak2), which is required for phosphorylation of ferroportin (26). a2-Macroglobulin
(a2M) binds hepcidin in circulation (27). The binding of hepcidin to a2M probably enables
efficient sequestration of hepcidin, a process that may be important to regulate the functions
of hepcidin. a2M-hepcidin complex is more effective in inducing ferroportin degradation
than hepcidin alone (27). Hepcidin expression is influenced by systemic stimuli such as iron
stores, the rate of erythropoiesis, inflammation, hypoxia and oxidative stress (24). These
stimuli control hepcidin levels by acting through hepatocyte cell surface proteins including
HFE, TfR2, hemojuvelin, TMPRSS6 and the interleukin 6 receptor (28). These cell surface
proteins activate various cell signal transduction pathways, including the BMP-SMAD,
JAK-STAT and HIF1 pathways, to alter expression of hepcidin (28). Various stimuli can
signal through multiple pathways to regulate hepcidin expression, and the interplay between
positive and negative stimuli is critical in determining the net hepcidin level. The BMP-
SMAD pathway is particularly important; disruption of this pathway abrogates the response
of hepcidin to many stimuli. CREBH (cyclic AMP response element-binding protein H), an
endoplasmic reticulum (ER) stress-activated transcription factor, binds and transactivates the
hepcidin promoter, thus linking the intracellular response involved in protein quality control
to innate immunity and iron homeostasis (29). ER stress induces a complex network of
pathways collectively termed the unfolded protein response. This process is associated with
induction of CHOP expression, which in turn regulates the levels of C/EBPa, an important
transcription factor regulating hepcidin expression (30). The expression levels of ferroportin
and ferritin H are also increased by ER stress (30).

Even though it is widely believed that hepcidin is secreted only by the liver, our recent
studies have shown that this hormone is expressed abundantly in the retina, detectable in all
retinal cell types (31). In RPE, ferroportin is expressed in the basolateral membrane (21);
thus ferroportin in RPE may be subject to regulation by hepatic hepcidin present in systemic
blood. In contrast, ferroportin expressed in Miller cells and photoreceptor cells does not
have access to circulating hepcidin. Therefore, the recent findings showing abundant
expression of hepcidin in Muller cells, photoreceptor cells, and RPE have biological
significance. The retina-derived hepcidin may play a critical role in the regulation of
ferroportin in the inner retina independent of the liver-derived hepcidin (31). We do not
know yet the directionality of hepcidin secretion from RPE cells, but we speculate that the
hormone is released preferentially into the subretinal space across the apical membrane (Fig.
1).

Hemochromatosis, the most prevalent genetic disease associated with iron overload, is
caused by disruption of HFE function. HFE, a 49 kDa protein, was originally identified as
a Human Leukocyte Antigen (HLA) class I-like protein and was subsequently found to
function as a regulator of iron homeostasis [HFE, a HLA-like protein involved in iron (FE)
homeostasis]. This protein was considered to be involved in the sensing of body's iron status
by the crypt cells of the duodenum, the part of the small intestine where the absorption of
dietary iron occurs (32). However, later studies have shown that HFE has a central role not
in the small intestine but in the liver (33). HFE interacts with Bo-microglobulin (3,M) for the
presentation of HFE to the cell surface. oM is essential for the correct subcellular
distribution of both HFE and hepcidin, the two proteins that are critical for iron homeostasis
(34). HFE interacts with TfR1 and TfR2, thus sensing the saturation of transferrin with iron
in blood. TfR2/HFE complex is important for transcriptional regulation of hepcidin (35).
Studies with Hfe”/ TfR27- mice suggest that Hfe and Tfr2 regulate hepcidin through parallel
pathways involving Erk1/2 and Smad1/5/8 (36). Also, Hfe deficiency triggers iron overload
by impairing hepatic BMP6/Smad signaling (37, 38).
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Hfe is expressed in the retina; its expression is restricted exclusively to RPE as evident from
the detection of mMRNA and protein solely in this single retinal cell layer (14). Equally
important and interesting is the polarized expression of Hfe protein at the basolateral
membrane of RPE (Fig. 1) (14). The basal membrane of the RPE, which is in contact with
choroidal blood, is the site of the first step in the cellular uptake of iron from blood.
Therefore, the specific location of Hfe at this membrane strongly suggests that this protein
can interact with TfR1 as well as TfR2, and thus could play a critical role in the regulation
of iron homeostasis in RPE at the level of cellular uptake of iron from choroidal blood.

Hemojuvelin (HJV), another important iron-regulatory protein (molecular size, 50 kDa), is
either associated with cell membrane through a glycosylphosphatidylinositol anchor or
released as a soluble form. Membrane-anchored HJV acts as a coreceptor for BMPs and
induces the expression of hepcidin (39). Soluble HJV antagonizes BMP signaling and
suppresses hepcidin expression. Release of HJV in soluble form requires the transmembrane
receptor neogenin. Neogenin does not, however, play a role in HJV trafficking to the cell
surface (40). The findings that HJV release is coupled to lysosomal degradation of neogenin
and that cholesterol depletion by filipin blocks both HIV endocytosis and HJV release
suggest that neogenin-mediated HJV release occurs after the HJVV-neogenin complex is
internalized from the cell surface (40). It has been recently found that the serine protease
matriptase-2 functions to suppress BMP stimulation of hepcidin transcription through cell
surface proteolytic processing of HJV (41). Even though BMP-2, BMP-4, and BMP-6
regulate hepcidin expression in vitro in an HJV-dependent manner (39), a recent study has
shown BMP6 to be solely responsible for this process in vivo (42). Two highly conserved
BMP-responsive elements located at positions -84/-79 (BMP-RE1) and -2,255/-2,250
(BMP-REZ2) of the human hepcidin promoter are critical for both the basal hepcidin mMRNA
expression and the hepcidin response to BMP-2 and BMP-6 (43). HJV does not seem to be
capable of initiating BMP signaling on its own. Recent studies have shown that interaction
of HJV with neogenin is necessary for this process (44). ERK activation by holotransferrin
provokes increased levels of phospho-Smad complex, highlighting crosstalk between the
HJV/neogenin/BMP/Smad 1/5/8 and HFE/TfR2/ERK1/2 pathways (45).

Hjv is expressed widely in the retina, with evidence of expression seen in RPE, Muller cells,
photoreceptor cells, and ganglion cells (45). In RPE, the expression is restricted to the apical
membrane that faces the neural retina (Fig. 1). The differential polarization of Hfe
(basolateral membrane) and Hjv (apical membrane) in RPE is interesting and intriguing.
These recent findings suggest that the expression of hepcidin in RPE may be controlled by
HFE and HJV; in contrast, the expression of hepcidin in the neural retina may be regulated
only by HJV.

Table 1 summarizes the expression pattern of various iron-regulatory proteins in the retina.
As mentioned in the previous sections, all five genes (HFE, HJV, TIR2, ferroportin,
hepcidin) that are associated with hemochromatosis are expressed in RPE. The differential
expression of these gene products in RPE in the retina-facing apical membrane and choroid-
facing basolateral membrane is illustrated in Fig. 1.

n-Regulatory Proteins In Genetic Retinal Disorders

Aceruloplasminemia

Aceruloplasminemia is a rare genetic disorder in which iron gradually accumulates in the
brain, retina and pancreas (47). Patients with aceruloplasminemia develop a variety of
movement problems such as rhythmic shaking, jerking movements, eyelid twitching, and
ataxia. In addition, iron accumulation in tissues results in iron deficiency in blood, leading to
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anemia. Affected individuals also have opaque spots and areas of tissue degeneration around
the edges of the retina. Aceruloplasminemia is caused by mutations in ceruloplasmin (48).
Patients with aceruloplasminemia have impaired iron export from certain tissues as
ceruloplasmin dysfunction prevents the conversion of Fe2* to Fe3*, the form of iron that is
exported out of the cells. Mice deficient in ceruloplasmin and hephaestin show age-
dependent retinal degeneration (23). By 6-9 months, these mice exhibit iron overload in
retina, RPE hypertrophy with increased phagosomes and lysosomes, sub-RPE deposits of
collagen, focal areas of RPE hyperplasia, and necrosis along with photoreceptor loss and
subretinal neovascularization.

Hemochromatosis

Hemochromatosis is a genetic disease associated with iron overload. The tissues commonly
affected in this disease are the liver, pancreas, kidney, pituitary, and heart (49-51). The
symptoms associated with the disease include liver cirrhosis, hepatocarcinoma, diabetes,
cardiomyopathy, nephropathy, and endocrine dysfunction. Most patients with
hemochromatosis have mutations in HFE; a single mutation (C282Y) is responsible for most
cases. Wild type HFE binds to TfR1, lowering the affinity of the receptor for transferrin, but
the mutant HFE cannot complex with TfR1 and thus is unable to prevent cellular iron
accumulation. Other forms of hemochromatosis involve mutations in ferroportin, HJV, TfR2
and hepcidin (52). Mutations in ferroportin reduce iron export from cells. Mutations in HFE,
HJV, TfR2 and hepcidin are associated with hepcidin deficiency. Since hepcidin is a
hormone that prevents iron export via ferroportin in certain cell types, deficiency of hepcidin
leads to increased release of iron from these cells, leading to increased iron in circulation.
The resultant increase in transferrin-loaded iron facilitates iron uptake in most cells, leading
to iron overload in tissues. Patients with hemochromatosis have excess iron in the
peripapillary RPE, ciliary epithelium, and sclera, accompanied with drusen (53, 54). Hfe is
expressed in RPE and the protein is specifically associated with the basolateral membrane of
the cell, suggesting a potential role for this protein in the maintenance of iron status in RPE/
retina. (14). Hfe”” mice have retinal degeneration at >18-months of age but such changes are
not evident in younger mice of the same genotype (55). This recapitulates what is known in
patients with hemochromatosis in terms of iron accumulation in systemic organs. Iron
overload and consequent functional disruption in systemic organs are not evident in
hemochromatosis patients until 50 years of age. We also found evidence of hypertrophy
and hyperplasia in the RPE cell layer (55). Hepcidin knockout mouse was also recently
found to exhibit age-related retinal iron accumulation with RPE hyperplasia/hypertrophy
(56). Available evidence thus provides strong indication that hemochromatosis-related genes
play an important role in the control of retinal iron homeostasis. There have been no studies
correlating the incidence of age-related macular degeneration like retinal disorders in
hemochromatosis patients. Therefore, the possibility that hemochromatosis may lead to iron
overload in the retina with consequent retinal dysfunction merits further investigation.

Age-related macular degeneration (AMD)

AMD is a major cause of gradual, painless, and bilateral loss of central vision in elderly
people. At early stages of the disease, there are drusen deposits; as the disease progresses,
large areas of atrophy develop in the dry or non-exudative form of AMD whereas choroidal
neovascularization occurs in the wet or exudative form. There is overwhelming evidence in
support of a genetic component in the etiology of AMD (57, 58). Free radical damage and
oxidative stress play a role in the pathogenesis of the disease (59). Patients with dry AMD,
when given dietary supplements of antioxidants and zinc, show reduced progression of the
disease, suggesting that oxidative stress is involved in its pathogenesis (60). Though a role
of oxidative stress in the etiology of AMD is apparent, the underlying factors that lead to
oxidative stress are far from clear. Irrespective of the etiology, patients with AMD show
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evidence of excessive iron accumulation in retina (61, 62). Iron accumulation in the retina
observed in the ceruloplasmin/hephaestin double-knockout mouse is associated with
hypertrophy and hyperplasia of RPE (63). We observed a similar phenomenon in Hfz”-
mouse (55). These findings indicate that excessive iron accumulation might underlie the
cellular and growth pattern changes seen in RPE in AMD. Interestingly, the hyperplasia
phenotype of RPE observed in intact retina of Hfe”~ mouse is also seen with primary RPE
cell cultures (55). These findings suggest that the iron overload associated with
hemochromatosis may have a role in the etiology and/or progression of AMD in humans.
The emerging evidence for the involvement of excessive iron in AMD strongly suggests that
systematic investigation of the potential association between hemochromatosis and AMD is
warranted.

n-Regulatory Proteins In Bacterial and Viral Infections

Bacterial infection

Viral infectio

Hepatic expression of hepcidin is induced by inflammation. During infection, body tries to
sequester iron in tissues to prevent the pathogen survival in circulation. This process is
mediated by an increase in the circulating levels of hepcidin that inhibit ferroportin-
dependent release of iron into circulation from certain cell types. Recently, we mimicked
bacterial infection of the retina by intravitreal injection of bacterial lipopolysaccharide
(LPS), and examined the changes in the expression of hepcidin within the retina (31). These
studies showed that hepcidin expressed in retinal cells is subject to regulation by LPS with
obligatory involvement of the Toll-like receptor-4. The increase in hepcidin expression in
response to LPS is associated with a decrease in ferroportin levels in Muller cells,
photoreceptor cells, and RPE. We also showed that bacterial LPS is a regulator of hepcidin
expression in Miller cells and RPE, both in vitro and in vivo, and that the regulation occurs
at the transcriptional level. The upregulation of Aepcidinby LPS occurs independent of Hfe
and Hjv. Exposure of the retina to LPS causes oxidative stress as monitored by the levels of
hydroxynonenol. Several studies have shown that iron overload causes oxidative stress and
that hydroxynonenol levels increase under these conditions (64, 65). The LPS-induced
oxidative stress in vivo in retina is accompanied with apoptosis in specific cell types. A
significant increase in apoptotic nuclei is seen in the outer nuclear layer, which contains the
nuclei of photoreceptor cells, and in the inner nuclear layer, which contains, among other
cell types, the nuclei of Miller cells (31). Thus retinal iron homeostasis may be regulated in
an autonomous manner by hepcidin generated within the retina, and chronic bacterial
infection/inflammation of the retina may disrupt iron homeostasis and retinal function.

n

Infection of mammalian cells with cytomegalovirus (CMV) leads to downregulation of HFE
via proteosomal degradation (66, 67). This process is necessary for virus multiplication in
host cells because HFE depletion will lead to iron accumulation in cells, which is obligatory
for virus proliferation. These findings are relevant to RPE and retina because CMV infection
is a major cause of retinitis in immunocompromised individuals that leads to serious
functional deficits in vision (68). We found that CMV infection of the retina decreases Hfe
but increases Hjv in RPE (46). Though CMV infection leads to decreased levels of Hfe,
there was no significant change in hepcidin levels. This is likely due to the concomitant
increase in the expression of Hjv. Hfe and Hjv have similar effects on hepcidin, both
enhancing its expression. The reciprocal changes that occur in the cellular levels of Hfe and
Hjv in response to CMV infection may explain the lack of detectable changes in hepcidin
levels. We found that CMV infection in RPE cells decreases TfR1 levels but increases
ferritin levels, which are indicative of iron accumulation. These changes are accompanied
with evidence of increased lipid peroxidation (46). Thus, while enhanced iron accumulation
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may initially favor virus multiplication in the host cell, the process eventually leads to
disruption of host cell function through oxidative stress. Changes in cellular iron status as a
result of CMV infection seem to play an important role in this process. We also found that
Hfe”- mouse RPE cells accumulate iron at significantly higher levels than wild type cells
upon CMV infection (46). This may have clinical significance in hemochromatosis patients
with regard to CMV multiplication and progression of CMV retinitis.

Conclusions

It was widely believed that retina was protected from changes in systemic iron status by the
blood-retinal barriers. There is increasing evidence in recent years however indicating that
this may not be the case. Hemochromatosis that cause iron overload in various systemic
organs occurs due to mutations in five different genes: HFE, TfR2, HJV, ferroportin, and
hepcidin. The expression of all these five genes in the retina has been demonstrated
unequivocally in recent studies. Therefore, patients with hemochromatosis are likely to have
disruption of iron homeostasis in retina due to dysfunction of these gene products. These
recent findings suggest that systematic investigations of retinal involvement in patients with
hemochromatosis are warranted. In addition, the potential of retinal iron overload as a
causative or modifying factor in AMD also merits investigation. Bacterial and viral infection
and inflammation lead to changes in the expression of iron-regulatory proteins in retina, thus
disrupting retinal iron homeostasis. Continued investigations of the role of iron and iron-
regulatory proteins in the retina in health and disease will provide important clues to
understand the pathogenesis of AMD, CMV retinitis and other iron-related retinal disorders,
and may thus lead to the design and development of novel preventive or therapeutic
strategies for the treatment of a wide variety of retinal diseases.
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Abbreviations

HFE
HJIV
TfR
BMP
AMD
RPE
LPS
CMV

HLA-like protein involved in iron homeostasis
hemojuvelin

transferrin receptor

bone morphogenetic protein

age-related macular degeneration

retinal pigment epithelium

lipopolysaccharide

cytomegalovirus

IUBMB Life. Author manuscript; available in PMC 2013 October 03.



1duosnuey JoyIny vd-HIN 1duosnuey JoyIny vd-HIN

1duosnuey JoyIny vd-HIN

Gnana-Prakasam et al.

Page 13

< Subretinal space

TfR1 TER2 Fp
Basolateral FE FE [— y
membrane
Hp
Tf-Fe3* Tf-Fe3* Fe3+

Choroidal blood

Fig. 1.

E)?pression pattern of hemochromatosis genes in RPE. TfR, transferrin receptor; HFE, HLA-
like protein involved in iron homeostasis; Fp, ferroportin; Hp, hephaestin; Cp,
ceruloplasmin; HJV, hemojuvelin; BMP, bone morphogenic proteins; BMPR, BMP
receptors. It is speculated that secretion of hepcidin from RPE may be directional,
preferentially into the subretinal space across the apical membrane.
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Table 1

Expression pattern of iron regulatory proteins in retina

Iron-regulatory proteins

Expression pattern in theretina

DMT1
TfR1
TfR2

H- and L- Ferritin

Ferroportin
Ceruloplasmin
Hephaestin
HFE
Hemojuvelin

Hepcidin

Photoreceptor inner segments, rod bipolar cell bodies and axon termini, horizontal cell bodies
RPE, photoreceptor inner segment, outer plexiform layer, inner nuclear layer, ganglion cell layer
RPE

RPE, photoreceptor inner segments, outer plexiform layer, inner nuclear layer cell bodies, inner plexiform layer,
ganglion cell layer

RPE, photoreceptor inner segments, the inner and outer plexiform layers, and the ganglion cell layer
RPE and Muller cells

RPE and Muller cells

RPE

RPE, photoreceptor cells, Muller cells, ganglion cells

RPE, photoreceptor cells, Miller cells
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