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Iron

Properties of iron

With few exceptions life on this planet is dependent on iron for most animal and plant
species. The chemistry of iron in biological systems is quite complex since it takes place in
aqueous solutions, close to neutral pH and in the presence of oxygen (Aisen et al., 2001;
Greenwood and Earnshaw, 1998). Iron in aqueous solutions can exist in two oxidation
states, ferrous (Fe2*) and ferric (Fe3*). These are interconvertible through single electron
exchanges. Fe2* is the preferred form for the membrane transport of iron, and for heme
synthesis.

In acidic solution Fe2* and Fe3* exist as the complexes [Fe(H,0)g]2* and Fe(H,0)6]3,
respectively. In the absence of oxygen, or at very low oxygen tensions, Fe2* is estable in the
physiological pH range; however, the Fe3* complex undergoes a process of hydrolytic
deprotonations, leading to the rapid appearance of very insoluble species of Fe3* as the pH
becomes less acidic. At neutral pH, for example, the total concentration of Fe3* is 109 M,
but only 10"17 M for some of those species. When oxygen is present, Fe2* easily oxidizes to
Fe3* dramatically decreasing its water solubility. Iron dependent life, therefore, required the
evolution of special iron binding proteins to maintain this element in soluble form and to
assure its bioavailability.

Redox reactions are the cause of toxicity of iron in biological systems. The presence of iron
automatically aggravates any possible situation of oxidative stress (Halliwell and Gutteridge,
1990; Sies, 1991) by catalyzing the conversion of oxygen into highly reactive free radicals
(Figure 1).

Several enzymes and metabolic substrates and intermediaries are present which function to
neutralize these reactive molecules. It can be safely said that once a disease is shown to be
caused by oxidative stress, it follows that any kind of iron overload will accelerate the
disease progress, if conditions favor redox cycling of iron, as shown in Figure 1.

Iron homeostasis

Proteins that require iron have two major functions, (i) oxygen transport and storage, and (ii)
electron transfer (Beard, 2006). Many additional enzymes and metabolic pathways also
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require iron (listed by Connor et al., 2001; He et al., 2007). To cover the needs of iron for
erythropoiesis (Beard, 2006), plasma turnover of iron mostly represents recycling given the
lack of renal excretion of iron. Iron homeostasis becomes almost exclussively a problem of
regulating the intestinal absorption of ingested iron by hepcidin, to replenish the small
amounts of iron lost by desquamation of skin and mucosas and by menstruation. As shown
in studies performed over the last ten years hepcidin is a key regulator of systemic iron
homeostasis explaining both the iron overload situations (hemochromatosis disorders) and
the chronic anemias (Collins et al., 2008).

Cells incorporate iron through several different types of transporters (carriers). The
polarized intestinal absorptive cells, for example, have transporters for the uptake of iron at
their apical, brush-border membranes (DMT1, divalent metal transporter 1) (Gunshin et al.,
1997) and transporters for the export of iron at the basolateral membranes (ferroportin)
(Andrews and Schmidt, 2007; Mckie et al., 2000). Both use Fe2* as substrates. Most other
cells acquire iron through the transferrin receptor (TfR). This receptor controls the cellular
uptake of iron by regulation at the translational level. Ferritin, the iron storage protein, and
the iron transporters are also reciprocally regulated by iron regulatory proteins (IRP) and
iron responsive elements (IRE), as described in detail by Rouault (2001).

This review will summarize our understanding of recent studies on iron metabolism in the
retina and in the lens. Age-related macular degeneration (AMD) and age-related cataracts
(ARC) will be considered under the light of photoxidative damage and iron homeostasis.
With the support of data already available in the literature obtained by other authors and by
our own work, a scheme will be proposed for the overall circulation of iron within and out
of the eye, pumped from the retina to the vitreous body by ferroportin at the endfeet of
Muiller cells of the retina and from the vitreous to the aqueous humor by an endocytosis-
mediated process at the anterior epithelium of the lens. Finally, the similarities of altered
iron metabolism in AMD and ARC, and their apparent relationship to anemia of
inflammation will be highlighted.

The blood-retinal barrier

Iron is not freely exchanged between the systemic circulation and the retina. In concordance
with the two blood supplies that nourish the retina (see below) there are two distinct
components that establish the blood-retina barrier: one, at the level of the retinal pigmented
epithelium (RPE) in the outer retina and a second at the level of the retinal capillary
endothelial cells in the inner retina (Oyster, 1999). The junctional complex between the RPE
cells that form the outer component of the blood-retinal barrier has received thus far the
most attention probably because of its obvious involvement in the pathogenesis of AMD, a
highly prevalent, sight-threatening condition of the elderly (Jager et al., 2008).

The outer blood-retinal barrier

The RPE is a highly polarized epithelium, comprised of cells with long apical microvilli that
interdigitate with the light-sensitive photoreceptor outer segments and a basolateral surface
with elaborate basal infoldings that interact with Bruch's membrane. The RPE cells create an
outer barrier to passive movement of polar solutes and large macromolecules that escape the
choriocapillaris by sealing off the paracellular space at the level of a continuous band of
tight junctions (zonula occludens) near the apical border of the RPE (Amasheh et al, 2009).
This barrier prevents the passive movement of small and large hydrophilic molecules
paracellularly and also allows creation of standing osmotic gradients between the apical and
basolateral paracellular compartments. In addition the RPE cells phagocytose and degrade

Exp Eye Res. Author manuscript; available in PMC 2011 June 1.



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

1duasnuey Joyiny vd-HIN

Garcia-Castifieiras

Page 3

the shed tips of the photoreceptor outer segments each day and play an essential role in
regenerating visual pigments (Newman, 1994).

The choriocapillaris located below the RPE-Bruch's membrane complex is highly permeable
due to the presence of numerous fenestrae through the capillary wall that allow nutrients and
macromolecules to easily reach the extracapillary compartment. Many of these molecules
cross Bruch's membrane and reach the basolateral border of the RPE. Because of the barrier
to passive diffusion near the apical surface of the RPE, the molecules that come from the
choriocapillaris that are needed by the photoreceptors must enter the RPE cells through the
basolateral membranes with the help of specific transport systems if they are to reach the
subretinal space. The RPE thus controls the compaosition of the subretinal fluid that bathes
the photoreceptor outer segments.

The transfer of Fe3* bound to plasma transferrin (Tf) through the RPE was studied in
cultured human retinal pigment epithelial cells (Hunt and Davis, 1992) with 5Fe- and

and 125]-labeled Tf. The results obtained by these authors supported the model of receptor-
mediated endocytosis favored by the investigations made in the preceding decade for the
entry of iron in many cells, as the main mechanism of crossing this barrier. Their conclusion
was based on the finding that inhibitors of endosome acidification (monensin, chloroquine)
were very effective in blocking the uptake of radioactive iron by the RPE cells but were not
effective in modifying the amount of iron released (recycled) to the medium by the cells.

Briefly, the initial event in the accepted model of receptor-mediated endocytosis of iron is
the high affinity interaction of diferric Tf with the Tf-receptor (TfR) found in clathrin
enriched coated pits of the cell membrane (in this case the basolateral plasma membrane of
the RPE cells), leading to the internalization of the complex Fe3*/Tf/TfR into a sorting, early
endosome. The acidic interior of the endosome (YYamashiro and Maxfield, 1984), created by
a proton-dependent ATPase, facilitates the dissociation of Fe3* from Tf and increases the
interaction of ApoTf with the TfR (Aisen, 1992; Aisen et al., 2001). The iron dissociated
from Tf must somehow be reduced to Fe2* by a ferrireductase (McKie et al., 2001; Ohgami
et al., 2005) before being transported by the proton-metal symporter DMT1 (Burdo et al.,
2001; Fleming et al., 1997; Gunshin et al., 1997) of the endosomal membrane to the
cytoplasm. The apoTf/TfR complex associated to the recycling, late endosome returns to the
cell membrane where from, upon exposure of the endosomal interior to physiological pH,
apoTf is released, leaving the TfR in the cell membrane ready to participate in a new uptake
cycle. Within the context of this model, therefore, the inhibitors of endosomal acidification
should be very effective in blocking the transport of iron into the cell, as found by Hunt and
Davis (1992).

In their work Hunt and Davis (1992) also analyzed the nature of the cytoplasmic pool of iron
released by the endosomes, to find that it was composed of a “transient” low MW fraction
(<30kD by membrane filtration) and a higher MW fraction. Early in the release process, iron
was mostly bound to low MW components. The low MW fraction consisted of an
heterogeneous population of iron chelates which was rapidly converted to either intracellular
ferritin-like material (as judged by its comigration with ferritin on non-denaturing PAGE) of
higher MW for storage, or partially released to the medium. The authors further showed that
most of the low MW iron, if exposed to apoTf, became bound to it. They also studied the
release of radioactive iron to the culture medium (equivalent to the interphotoreceptor
matrix) by RPE cells preloaded with 2°Fe-Tf, to find out that at least 40% of the label was
released if the mediun was frequently renewed, or if serum was added to the medium. In the
in vivo situation several iron chelators including locally synthesized Tf, could be available
in the interphotoreceptor matrix of the retina. This iron would thus probably be ready to
enter the photoreceptors through TfR-mediated mechanisms to provide them with the high
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levels of iron that the extremely active metabolism of these cells demands. The supply of
iron to the photoreceptors must be direct since Mdller/glial cells are not present in the
interphotoreceptor matrix.

A second alternative for the transfer of iron was also considered by Hunt and Davis (1992)
in which the endosome vesicle is not recycled to the basolateral side of the RPE but travels
across the cytoplasm towards its apical side, where it becomes fused with the apical
membrane, releasing the complex Fe3*/Tf. This would constitute a Tf-mediated transcytosis
mechanism. Its existence was suggested by the authors because (i) there was indeed transfer
and release to the medium of intact iodine-labeled diferric-Tf and (ii) only 60% of that
transfer was inhibited by monensin. However, against the quantitative relevance of this
mechanism was the finding that iron-labeled Tf could not be detected in the HMW material
released to the medium by the cells; this material instead had the mobility of ferritin in
electrophoresis under denaturing conditions although, unexpectedly, did not react with
antiferritin antibodies. Straightforward transcytosis also has the difficulty that it requires
dissociation of the high affinity Fe3*/Tf complex from TfR under physiological pH
conditions without the previous dissociation of Fe3* (Aisen et al., 2001; Klausner et al.,
1983). Consequently, Hunt and Davis (1992) cautiously conclude that transcytosis clearly
“is not the mechanism by which the majority of the iron is released from RPE cells”.

The asymmetric presence of the TfR in the RPE cells would impart unidirectionality to the
transfer of iron towards the photoreceptors. Its exclusive presence in the basal membrane, as
mentioned in passing by Hunt and Davis (1992) is usually taken to mean unidirectional
movement of iron towards the photoreceptors, its exclusive presence in the apical side
would mean unidirectional movement of iron in the reverse direction. If symmetrically
distributed in the plasma membrane (as described by He et al., 2007) there would be the
possibility of transit in both directions.

It can also be hypothesized that a specific endocytic mechanism would tend to keep plasma
Tf on the plasma side and locally synthesized Tf on the retina side. On the contrary, in a
transcytotic mechanism the tendency would be for plasma Tf to eventually be mixed with
retina Tf, unless specific recognition mechanisms are built in the Tf molecule, which is
certainly possible given the potentially high microheterogeneity of Tf (DeJong et al., 1990).

The inner blood-retinal barrier

Two main capillary beds can be distinguished in the retina, the deep (outer) capillary plexus
between the inner nuclear and outer plexiform layers, and the superficial (inner) plexus at
the level of the nerve fiber and ganglion cell layers (Oyster, 1999). Retinal capillaries are
non-fenestrated and their endothelial cells are sealed with zonula occludens junctions at all
their contacts establishing a continuous capillary wall and constituting the inner retinal
component of the blood-retinal barrier. The endothelial cells of these capillaries show a very
low level of non-discriminating pinocytosis as revealed by the small number of pinocytic
vesicles visible with electron microscopy (Kaur et al., 2008). This supports the idea that
non-specific exchanges across the barrier must be highly restricted. The normal flow of iron
in these cells is apical to basal, i.e., of opposed polarity to that occurring in the RPE. Other
cellular elements also make important contributions to the inner blood retinal barrier. Muller
glial cells (Newman, 1994) fill the space of the retina between the inner and the outer
limiting membranes. The inner limiting membrane (ILM) is formed by the basement
membranes of the endfeet of Muller cells at the vitreoretinal interface. The outer limiting
membrane (OLM) is formed by the intermediate junctions between the apical border of
these cells and the photoreceptor inner segments. Therefore, Muller cells do not interact
directly with the RPE. Muller glial cells take over in the retina the role of astrocytes in other
neural tissues, providing support for the electrical activity of the closely apposed neurons,
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controlling the composition and pH of the retinal interstitial fluid, and mediating metabolic
transfers between retinal neurons and blood plasma within the lumen of the capillaries.
Mdiller cells are also responsible for the induction of the expression of proteins forming the
endothelial tight junctions, and thus of the maturation of the blood-retinal barrier itself (Kaur
et al., 2008). Regular astrocytes migrate into the retina from the optic nerve and are limited
to the innermost ganglion cell and the nerve fiber layers of the retina. Oligodendrocytes are
absent from the retina since normally myelination is restricted to the retrolaminar portion of
the optic nerve beyond the lamina cribrosa (Newman, 1994).

Pericytes, better known for their role in providing structural support for growing capillaries
during angiogenesis, and for their ability to control regional blood flow because of their
contractile activity, also provide coverage to the endothelial cells and are now thought to
contribute to maintain the structural and functional integrity of the endothelial tight
junctions, and to even participate in some of the fluid and metabolic exchanges taking place
across the barrier (Kaur et al., 2008).

Burdo et al. (2003) made a valuable contribution to the knowledge of the inner retinal
barrier because they worked with cultured bovine retinal endothelial cells as an in vitro
model of the blood-brain barrier (BBB). In this system a monolayer of endothelial cells is
grown on a special filter that separates an upper chamber (equivalent to the plasma in
contact with the apical or luminal side of the endothelial cells) from a lower chamber
(equivalent to the interstitial fluid in contact with the basal or abluminal side of the cells).
The existence of a Tf-initiated endocytotic process was revealed in this case by the effect of
ammonium chloride (NH4CI), which prevents acidification of the endosomes (Galloway et
al., 1983), on the transfer of iron from 59Fe/fluorescein-labeled T placed in the upper
chamber. Relative to the control, NH4CI decreased *°Fe flux into the basal chamber by 70%.

The fluid transferred to the basal chamber was separated in two fractions by size-exclusion
chromatography using Sephadex G-25: an excluded high MW fraction (>5kD) and an
included low MW fraction (<5kD). The first fraction was named Tf-bound iron (TBI), and
the second non-Tf bound iron (NTBI), in spite that no attempt was made to positively
identity the protein(s) actually present in the TBI fraction. The NTBI pool was assumed to
be related to the Tf-initiated endocytosis of iron just mentioned, which implies the
cytoplasmic separation of iron from Tf. The TBI pool was related to a second, apparently
constitutive mechanism of crossing the barrier, the Tf-mediated transcytosis of iron. Indeed,
the cells were able to transfer fluorescein-Tf to the basal chamber as revealed by the
accumulation of fluorescence in that chamber, and the authors assumed that this represented
a basal rate for Tf transcytosis. They acknowledged the difficulties that a straightforward,
simple transcytotic transport or iron presents (previously discussed under the outer blood-
retinal barrier) and considered incomplete the scheme of transcytosis depicted in their own
figure 5. It should be noted, however, that the fact that endothelial cells lack ferroportin
(Burdo et al., 2001) favors the involvement of some sort of transcytotic process in the
crossing of the inner blood-retinal barrier, a process that should not require ferroportin to be
completed.

Burdo et al. (2003) also proposed that the need for iron of the endothelial cells themselves is
in principle met with the NTBI pool of iron, although mention is made that some of this iron
might under normal conditions end up transferred to the brain (retina).

The influx of radioactive iron from double-labeled Tf into the basal chamber significatively
decreased by 60% after overloading the cells with ferric ammonium citrate (FAC). This
change was mostly the result of a reduction in the NTBI pool. TBI did not significatively
change with pretreatment of the cells with FAC or NH4CI, nor with other manipulations to
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which the cells were submitted. The flux of fluorescein-Tf increased significatively upon
loading the cells with FAC but was insensitive to NH4CIl. FAC also increased the amount of
iron detected within the endothelial cells, where presumably was stored as ferritin.

The three effects of FAC just described were interpreeted by the authors as indicative that
the iron status of the endothelial cells influenced the amount of Tf and iron that is
transported through the barrier. When exposed to an overload of iron, more iron was safely
stored intracellularly, more apoTf was somehow made available to the process and less iron
was detectable in the NTBI pool. These effects are all of a protective nature both to the
endothelial cells themselves, and to the cells across the barrier, and under this light were
interpreted by the authors.

Burdo et al. (2003) also found that filipin, a blocker of caveolin—-mediated, pinocytotic
transport (Stremmel et al., 2001) did not have any effect on iron transfer in their model, and
thus disregarded the possibility of non specific pinocytosis as a mechanism of transfer
through the retinal capillaries endothelial cells.

In summary, for Burdo et al. (2003) the main mechanism for iron to cross the inner blood-
retina barrier, and the source of iron for the inner retina under normal conditions, would be
TfR-mediated transcytosis, while an endocytosis-initiated mechanism that depends on the
iron status of the endothelial cells would play only a regulatory role. The reverse seems to be
implied by the results of Hunt and Davis (1992) who interpreted them as evidence that a
TfR-initiated endocytosis of iron would be the main way for iron to cross the outer blood-
retina barrier, thus becoming the normal source of iron for the retina photoreceptors. A valid
question to be asked would then be, do these apparent differences between the outer and the
inner components of the blood-retina barrier truly represent intrinsically different
mechanisms of transport, or are they mainly dependent on the different experimental set-ups
used to study them?

Considering that the retina is part of the central nervous system the unraveling of iron
handling by the retina and the brain will probably be closely interwoven. Mention should be
made in this respect of two controversial issues relative to the BBB: (1) the direct delivery
of iron from brain capillary endothelial cells to the neuroglia by low MW iron-binding
components known to be present in the brain interstitium in high concentrations: citrate and
ATP produced by glial cells, and ascorbate incorporated to this space by active transport at
the choroid plexus. This would be to circumvent the finding that brain neuroglia does not
posses TfRs nor DMTL1, according to Moos et al. (2007); and, (2) alternative ways for iron
to cross the BBB since the brain capillary endothelial cells do not posses sufficient DMT1
for that purpose, according to the same authors.

Oxygen and the retina

The retina is the most metabolically active tissue of the body, with the photoreceptors
consuming oxygen at rates higher than neurons in the brain (Berman, 1991). The source of
oxygen for the metabolism of the retina is from two vascular supplies: the choroidal
circulation behind the RPE and the retinal circulation derived from the central retinal artery
(Wangsa-Wirawan and Linsenmeier, 2003). The choroidal circulation basically nourishes
the RPE and the photoreceptors, while the retinal circulation provides oxygen and nutrients
to the inner retina. At the level of the avascular foveola (covering a radius of about 0.18 mm
eccentricity in the human eye) all the layers of the retina present there receive nutrition from
the choroidal circulation: the RPE, the photoreceptors, the OLM, the outer nuclear layer and
a fraction of the outer plexiform layer (fibers of Henle), directly followed by the ILM
(Oyster, 1999; Provis et al., 2005). The other retinal layers have been radially displaced and
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thus are absent in the foveola, and only start to appear as one moves out towards the rim of
the foveal depression beyond which the retina recovers its classical 10-layer appearance.

Blood moves very rapidly through the choroidal capillaries, maintaining a high choroidal
pO, of about 60 mmHg. Only the retinal circulation exhibits autoregulation and responds
with vasodilatation and increased blood flow, for example, to both hypoxemia and increased
intraocular pressure (IOP). This does not occur in the choroidal circulation where the high
blood flow is insensitive to oxygen levels, and hypoxemia produces a marked decrease in
choroidal pO5 (as it does with an increase in IOP), decreasing the O, consumption by
photoreceptors (Oyster, 1999; Provis et al, 2005).

Iron-related immunochemistry of the retina

The immunochemistry of the retina, as related to iron homeostasis, has been thoroughly
reviewed by several investigators (Dunaief, 2006; He et al., 2007; Yefimova et al., 2000). |
shall highlight here only some of their contributions. Earlier work led to establish the basic
model of iron transfer through the blood-retinal barrier described above.

Yefimova et al. (2000), based on the ample distribution of iron, ferritin, Tf and TfR in the
retina of the adult rat stressed the importance of Tf- and TfR-mediated movements of iron
throughout the retina. Transferrin mRNA expression, followed through in situ hybridization,
was identified in the RPE, indicating that the RPE is the main site of local transferrin
synthesis (Yefimova et al., 2000). According to these authors, local RPE transferrin could
carry iron from the RPE to the photoreceptors and the rest of the retina via Tf/TfR-
dependent mechanisms instead of by iron binding to low MW species. In the RPE, TfRs
were detectable both in the basolateral and the apical poles of the cells (He et al., 2007) thus
providing support to a bidirectional flow of iron through the outer blood-retina barrier.

Strong DMT1 immunolabel was detected in rod bipolar cell bodies and axons, horizontal
cell bodies, and photoreceptor inner segments (He et al., 2007). It was not possible from this
distribution pattern to determine whether retinal DMT1 serves to export iron from cells,
export iron from endosomes, or import iron.

Immunohistochemistry identified ceruloplasmin localization throughout the mouse retina,
with the strongest label associated with Muller cells; its mMRNA appeared associated with the
RPE in both mice and humans eyes (Hahn et al., 2004; He et al, 2007). Hephestin mMRNA
was detected in the RPE of mouse and human retinas and in RPE cell lines. The greatest
density of hephestin immunoreactivity was found in the endfeet of Miiller cells of the retina.
Double labeling experiments with a marker for Mller cells confirmed the localization of
hephestin to Miller cells (He et al., 2007).

Ferroportin was present in normal retina at high levels in the Muller cells endfeet and in the
RPE (He et al., 2007), in addition to other less conspicuous locations. In the RPE the
immunoreactivity was primarily basolateral, suggesting that ferroportin functions there to
facilitate export of iron, along with ceruloplasmin and hephestin, towards the choroidal
capillaries (He et al., 2007). As proposed later in this work, the localization of ferroportin in
Muiller cells endfeet is highly suggestive that iron could easily move into the vitreous with
the help of the ferroxidases ceruloplasmin and hephestin.

Hepcidin mRNA was detected in the mouse retina by in situ hybridization in the inner
nuclear layer that contains the nuclei of Muller cells, in the inner segments of photoreceptors
and in the RPE (Gnana-Prakasan et al., 2008). According to the authors, hepcidin was
abundantly expressed in those same cells that express ferroportin, the transporter to which
hepcidin binds. Low levels of immunoreactivity were detectable throughout the retina. The
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authors also showed that primary cultures of RPE and Mailler cells, as well as a human line
of RPE and a rat line of Muller cells, were positive for hepcidin. Moreover, hepcidin
expression increased after the intravitreal injection of lipopolysaccharide (LPS), mimicking
a bacterial infection.

Some basic photochemistry concepts

One of the potential consequences of absorption of sufficiently energetic light by a
chromophore is the initiation of a photochemical reaction. The excess energy accumulated in
an excited chromophore as the result of the absorption of photons may provoke the
rearrangement of bonds in the absorbing chromophore or its participation in a chemical
reaction. If a covalent bond is disrupted in such a way as to leave orbitals with one unpaired
electron, a free radical is formed, which can be very reactive. Non-radical, but still reactive
species can also be formed.

If chemical modification involves neighboring molecules instead of the absorbing
chromophore the result is a photosensitized reaction (Glickman, 2002; Roberts, 1996; Wu et
al., 2006). Such a chromophore is referred to as a photosensitizer. The photosensitizer may
interact with a biomolecule, specifically directing light energy towards the interacting
biomolecule. There are two types of photosensitized reactions. In type | reactions the
photosensitizer induces the production of free radicals by exchanging electrons or protons.
In type 1l reactions, the excited state of the photosensitizer interacts with oxygen to produce
singlet oxygen, a very reactive species. Both UV and short wavelength visible light are able
to drive direct photochemical, or photosensitized reactions.

Singlet oxygen and free radicals can initiate self-propagating, lipid peroxidation chain
reactions in membranes that will ultimately destroy fatty acids and the membrane itself.
Nucleic acids and proteins can also be damaged. Photochemical processes thus have a
serious destroying potential in biological systems.

Susceptibility of the retina to photochemical damage

The retina is particularly susceptible to oxidative damage for several reasons indicated
below. The choroidal circulation provides abundant oxygen, as it was already described.
Within the retina, the region with the highest sensitivity to photoxidation is the macular area,
where the light is focused and where photoreceptors are at their highest density and light is
thus more efficiently captured. In the foveola, light reaches the external segments of the
photoreceptors with very little impediment from tissue structures in front of them. Only
protective macular pigments lutein and zeaxanthin (reviewed by Whitehead et al., 2006)
stand strategically in the middle of the lightpath to absorb damaging blue light, and directly
or indirectly act as antioxidants. Damage inflicted to the transducing machinery by light is
probably of an irreversible nature given the fact that the external segments of rod and cone
photoreceptors are being constantly renewed. The pieces of external segments released at the
tips of the photoreceptors are phagocytized by adjacent RPE cells imposing a heavy
metabolic load on these cells, as reflected by the abundance of their mitochondria. Residues
tend to accumulate with age, forming lipofuscin granules in the RPE (Newman, 1994).
Lipofuscin granules are toxic to RPE cells when incubated together in culture (Ng et al.,
2008). The lipofuscin content of RPE rapidly increases during the first two decades of life,
perhaps due in part to the relatively high transmission to blue light and UV-A of the lens
during this period, until the lens itself becomes a more effective yellow filter (Wood and
Truscott, 1993; Wu et al., 2006).

Characteristically, there is an elevated proportion of polyunsaturated fatty acids (PUFAS) in
the photoreceptor outer segments (85-90 mol% of total lipids), and low cholesterol levels
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(10 mol%), in several vertebrate animal species including human retinas (Fliesler and
Anderson, 1983). Purified rods outer segments (ROS) contain a high proportion of PUFAS
(docosahexaenoic acid (DHA) 22:603 > arachidonic acid 20:4w6), typically representing
50-60 mol% of total fatty acids. A high level of PUFASs is maintained in the phospholipids
(43.1mol% in phosphatidylethanolamine, 58.1mol% in phosphatidylserine), the most
abundant of which was always DHA (up to 79% in phosphatidylethanolamine).
Interestingly, phosphatidylserine contained 20.1% of 22C PUFAs other than DHA and
17.4% of 24C PUFAs.

The combination of high levels of PUFAs with low levels of cholesterol relative to
phospholipids results in a fluidity of ROS membranes, which is one of the highest,
compared with other membranes (Berman, 1991). This allows fast movements of integral
proteins in the membrane as required by the visual transducing system. The inconvenient
part of it is that PUFAS easily start lipid peroxidation self-propagating chains. Carbonyl 4-
hydroxy-7-oxohept-5-enoic acid, a fragment derived from lipid peroxidation of DHA-
containing phospholipids, reacts with amino groups of proteins to produce 2-(w-
carboxyethyl)pyrrole adducts (CEP adducts) (Crabb et al., 2002). These products thus
appear in the lipofuscin granules of RPE (Ng et al, 2008). Lipofuscin granules also contain
fluorescent bisretinoid derivatives: A2E (2-[2,6-dimethyl-8-(2,6,6-trimethyl-1-
cyclohexen-1-yl)-1E,3E,5E,7E-octatetraenyl]-1-(2-hydroxyethyl)-4-[4-methyl-6-(2,6,6-
trimethyl-1-cyclohexen-1-yl)-1E,3E,5E-hexatrienyl]pyridinium), isoA2E, and all-trans-
retinal dimer-phosphatidylethanolamine (Ng et al., 2008). Bis-retinoids are toxic to RPE
cells in culture. All these derivatives will eventually become part of drusen in macular
degeneration, and anti-CEP autoantibodies will appear in circulation, when the RPE is
damaged and the retinal-RPE barrier breaks down (Crabb et al., 2002). Mice immunized
with the CEP hapten linked to serum albumin develop retinal lesions similar to those of age-
related macular degeneration probably by sensitization to the generation of CEP adducts in
the outer retina (Hollyfield et al., 2008).

In the retina the action spectrum for photochemical damage shows two maxima, one
coincident with the absorption spectra of the photosensitive pigments in the photoreceptors
(class | damage) and the other coincident with short wavelength (blue) visible absorption
(class 1l damage). The latter mainly affects the RPE and eventually leads to breakdown of
the blood-retinal barrier (Ham et al., 1979).

Pathology of iron homeostasis in the retina

Age-related macular degeneration (AMD) is a progressive, multifactorial disease that targets
the central few millimeters of retina that are critical for high acuity vision, causing
degeneration of photoreceptors and the RPE (“dry” form) or abnormal growth of choroidal
vessels through Bruch's membrane (“wet” form) (Gu et al., 2009).

As the result of age-related photochemical oxidative mechanisms described above for the
retina, including direct and photosensitized damage to the RPE and given the vulnerability
of the macular region, a slow deposition of a large variety of RPE-generated and blood-
borne substances diffusing out of the choriocapillaris occurs at the macular level in Bruch's
membrane and the sub-RPE space. These deposits (drusen) are one main, early characteristic
of AMD. They are able to create local inflammatory responses including leukostasis (Provis
et al., 2005) that are likely to reduce choroidal flow and create an obstacle to the diffusion of
metabolic substrates and induce finally degenerative changes in the photoreceptors and RPE
cells. The presence of autoantibodies, against antigens inside the blood-retinal barrier (CEP
adducts, for example), suggests barrier breakdown. There is strong evidence of increased
permeability of the outer retinal barrier in both the dry and wet forms of AMD (Provis et al.,
2005). An inflammatory response stimulates additional oxidative stress and contributes to

Exp Eye Res. Author manuscript; available in PMC 2011 June 1.



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

1duasnuey Joyiny vd-HIN

Garcia-Castifieiras

The lens

Page 10

progressive deterioration. There is also evidence that CEP adducts may stimulate
neovascularization in vivo (Ebrahem et al., 2006).

Iron could play a role in the pathogenesis of AMD by exacerbating free radical damage and
even by directly provoking inflammatory reactions through the activation of the complement
cascade (Wong et al., 2007). Indeed, postmortem AMD-affected eyes were found to have an
excess of both chelatable and nonchelatable iron in the RPE and Bruch's membrane (Hahn et
al., 2003) including drusen, and macular iron levels were found to increase with age in
human postmortem specimens (Hahn et al., 2006); combined deficiency of the iron
ferroxidases ceruloplasmin and hephaestin in mice (that interferes with efficient export of
iron) leads to a retinal degeneration by iron overload with some features of AMD, including
sub-RPE deposits and subretinal neovascularization (Hadziahmetovic et al., 2008; Hahn et
al., 2004); human aceruloplasminemia, that also leads to retinal iron overload, produced
early onset macular drusen-like opacities (Wong et al., 2007); finally, transferrin is
upregulated at the mMRNA and protein levels in patients with AMD compared to age-
matched controls (Chowers et al., 2006). The authors Wong et al. (2007), recognizing the
chronic inflammatory nature of AMD, suggested that upregulation of hepcidin could be the
cause of the intracellular iron overload in AMD, as it is known to occur in chronic
inflammation in other tissues (Ganz, 2003). Additional comments will be made on this topic
later in the review.

The avascular lens of the eye is suspended in a strategic position within the eye between the
aqueous humor anteriorly, and the gel vitreous posteriorly. Fresh aqueous humor is
continuously delivered to the lens equatorial region by the ciliary body (pars plicata)
encircling the lens (Oyster, 1999), providing the latter with the proper environment to grow
and to maintain its transparency to light. The circulation of the aqueous humor is at the same
time a useful vehicle for the removal of metabolic waste produced by the lens and other
metabolically active ocular avascular tissues.

Development and growth of the lens

The adult lens consists of an anterior monolayer of polarized cuboidal ectodermal cells, the
lens epithelium, and a much larger mass of cells behind the epithelial monolayer undergoing
a slow process of elongation and differentiation that ends with the formation of secondary,
mature fiber cells.

Lens cells are never shed but keep accumulating in concentrical layers around the central
space of the lens. Briefly, new cells generated in the germinative region of the anterior
epithelium are displaced towards the lens equator. Here they start to elongate at the same
time that undergo a rotation of 180°, their apical pole becoming anterior and their basal pole
becoming posterior. Once rotated, these cells are committed to be stacked layer over layer in
the nuclear region of the lens, as new cells arrive to the lens equator from the germinative
region of the epithelium.

While the young fiber cells elongate, their apical poles interact with the apical poles of the
anterior epithelium until they form a suture and stop growing, detaching from the epithelium
to become part of the lens cortex, first, and eventually of the lens nucleus (Kuszak and
Brown, 1994).

As part of their differentiation the immature elongating fibers become loaded with lens
crystallins, the characteristic structural proteins of the lens, and lose all intracellular
organelles. Only polysomes, remain in the cytoplasm of mature fibers. This is very
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advantageous for lens transparency but leaves the bulk of lens cells in a precarious
metabolic situation, with a metabolism severely limited by the lack of organelles and able to
exclusively produce energy through anaerobic glycolysis, an activity that solely requires
soluble cytoplasmic proteins to proceed. The nuclear fiber cells thus become very dependent
on the cortical fibers still containing mitochondria, and the anterior epithelium, for nutrient
supply and maintenance. In compensation, they acquire an extensive network of gap
junctions (cell-to-cell connections built with the proteins connexins) and aqueous pores
(cell-to-extracellular space connections built with aquaporins) in order to facilitate the
distribution of nutrients, and the elimination of metabolic waste. This converts the lens in a
functional syncytium that permits ample electrical and metabolic coupling among cells (Rae,
1994). The aqueous pores, by allowing fast dissipation of osmotic gradients that might be
created within the lens are especially important for the maintenance of lens transparency.

The fact that no cells are lost during growth of the lens does not mean that nothing is lost
from the cells. On the contrary, there is a continuous leakage of fragments of crystallins that
can be detected immunologically for life in the blood plasma of all individuals (unpublished
observations). Lens fibers may thus shrink (compact) with age without changing their
cytoplasmic protein concentration, giving the type of flat protein concentration profile
across the nucleus described for the human lens (Brown and Bron, 1996; Jaffe and Horwitz,
1992).

The anterior epithelium of the lens

Cells in the lens epithelium contain junctional complexes at the apical border, but the
existence of zonula occludens (tight junctions) in these complexes has been a controversial
issue, because of marked structural species differences, a relative low level of interlaced
strands apparently unable to seal off the paracellular route, or the atypical presence of small
gap junctions (Kuszak and Brown, 1994).

The fact is, however, that the apical complexes of the lens epithelium actually impede the
movement of the tracers horseradish peroxidase (MW = 40,000) and lanthanum (MW = 430)
through the barrier in several species: chick, frog, rat, and human (Lo, 1987). In bovine
lenses, Sugiyama et al. (2008) found the unequivocal expression of tight junction proteins in
the epithelium, although with a characteristic lack of segregation of E-cadherin (a protein of
adherens junctions) from ZO-1, something that does not occur in tight junctions of well-
polarized cells.

Barriers with a low resistance to fluid movement as that present in the lens epithelium are
classified as “leaky”, but they still have the important physiological role of facilitating the
unidirectional movement of substances and fluid through the barrier, and contain tight
junction proteins in very specific proportions (Amasheh et al., 2009; Férster, 2008).

Na/K-ATPase pumps located at the apical membrane of the epithelial cells (Unakar and
Tsui, 1980) initiate osmotic, Na-driven fluid movement into the lens through the paracellular
route that may help to distribute solutes within the lens (Fischbarg et al., 1999; Mathias and
Rae, 2004). At the same time, a sodium gradient is created (low intracellular Na*) that
drives the Na-dependent, active incorporation of aqueous humor components like
aminoacids (Jaffe and Horwitz, 1992) and GSH (Mackic et al., 1996) through the basal pole
into the cells. Once inside the cell, all those substances need additional passive transport
carriers at the apical pole to exit the cells and enter the extracellular space between the
epithelium and the fibers (EFI, see below). Glucose and dehydroascorbate (Garland, 1991;
Kern and Zolot, 1987) are incorporated to the lens by Na-independent mechanisms at the
basal and the apical membranes of the epithelial cells.
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Lens epithelial cells show abundant gap junctions in their lateral membrane infoldings,
suggesting that they may be electrically and metabolically coupled under some
circumstances.

The epithelial-fiber cell interface (EFI)

The extracellular space immediately posterior to the apical poles of the lens epithelium
represents the obliterated lumen of the embryonic lens vesicle. This space is posteriorly
delimited in the adult lens by the apical poles of the elongating fiber cells behind. The whole
arrangement is called the epithelial-fiber cell interface (EFI) (Kuszak and Brown, 1994;
Kuszak et al., 1995), or simply the apical interface (Zampighi et al., 2000). At the EFI gap
junctions are rare and the fiber cells lack apical tight junctions (Kuszak et al., 1995). Instead,
both the fiber cells and the epithelial cells show unequivocal electron microscopic signs of
marked receptor-mediated endocytotic activity, including the presence of clathrin coated
pits, and pinocytic vesicles, an indication of the importance of transepithelial movements
across the EFI.

The EFI also represents a pathway by which materials can be short-circuited to the lens
directly from the ciliary body, because of the physical proximity of the lens equator to the
ciliary body and the abundance of gap junctions in the young cortical fibers of the lens
equatorial region. Gap junctions in these cells are at their highest density in the middle
region of the fibers. Several authors (Kuszak et al., 1995; Lo, 1987) have thus proposed that
there may exist a preferential diffusion pathway of aqueous humor components into the lens
near the equator. Moreover, given the lack of apical tight junctions in those young cortical
fibers (Kuszak and Brown, 1994) the EFI intercellular space must be amply accessible to the
extracellular space of the lens at the equatorial level. It has been shown, for example, that
the vitreal injection of the marker horseradish peroxidase (Lo, 1987) near the region of the
ciliary body leads to the rapid appearance of the protein in the EFI. On the other hand, using
an in vitro chamber model of barrier consisting of a confluent monolayer of cultured rabbit
lens epithelial cells, Sabah et al. (2007) demonstrated the transference of aloumin towards
the aqueous humor side of the chamber through two mechanisms: receptor mediated
transcytosis and nonspecific pinocytosis. It is therefore likely that proteins in the vitreous
body could be directly incorporated into the lens EFI through the equatorial extracellular
pathway and then transported into the aqueous humor through the lens epithelium by
receptor-mediated endocytosis, as will be proposed later for transferrin.

Oxygen and the lens

Using fiber optic probes sensitive to oxygen Barbazetto et al. (2004) found in vivo in the
rabbit that along the visual axis pO, goes from about 29 mmHg in the aqueous humor in the
middle of the anterior chamber to about 22 mmHg under the capsule of the lens. The pO,
progressively dropped inside the lens, until a minimum of 9-10 mmHg was reached in the
nucleus. The posterior region of the lens and anterior vitreous had about 11 mmHg. Then,
pO,, started to increase, slowly at the beginning and then faster in the posterior vitreous as
the retina was approached, reaching about 26 mmHg near the retina and 40-60 mmHg
touching it. Although the absolute values of pO, within the eye may vary according to
authors, animal species and detection methods, the avascular lens and particularly its nuclear
region, always shows the lowest values.

Photoxidative damage to the lens

The lens is vulnerable to photochemical damage and age-related degeneration for
physiological circumstances very different from those affecting the retina. The lens is a
tissue much simpler that the retina from the cellular point of view, having only one type of
cell in several stages of differentiation, lacks the metabolic oxidative overload of the retina,
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and is entirely avascular. Mitochondria are limited in the lens to the epithelial monolayer
and the superficial cortex and, relative to the retina, the concentration of oxygen to which
the lens is exposed is very low, as just noted. Protein concentration in the lens is higher than
normal, and the levels of the intracellular antioxidant GSH are maintained very high mainly
by local synthesis (Reddy, 1990) but also through active transport from the aqueous humor
(Mackic et al., 1996). All these circumstances tend to substantially lower the level of
photoxidative stress to which the lens is exposed. In comparison to the retina, however, the
lens not only absorbs the more energetic UV-B light but, most typically, contains very long-
lived proteins that stay exposed for life to the cumulative direct or photosensitized
photoxidative effects of UV light and other posttranslational modifications mechanisms
(Dillon, 1991; Garland, 1990; Harding, 1991; Pitts et al., 1986; Truscott, 2005). Not even
the part of the lens covered by the iris is spared from the harmful effects of light because
rays obliquely hitting the cornea are refracted onto opposite corticoequatorial regions of the
lens (Merriam, 1996). The lens is therefore a tissue extremely enriched in age-dependent
posttranslational modifications of diverse nature leading to both oxidative and non-oxidative
changes. Some of them may have a stabilizing effect on its structure favoring transparency,
but others will in the long run compromise lens transparency, causing aggregation and
insolubilization of structural proteins, progressively inactivating the enzymes involved in
metabolism, damaging transporters of electrolytes and nutrients, interfering with the
synthesis of antioxidants needed in increasing demand by the aging lens, and accelerating
the accumulation of brown pigments, to mention but the main functional consequences of
lenticular posttranslational modifications.

The lens, by increasingly absorbing UV-A and blue light as it ages, contributes to protect the
retina from photochemical damage. The young human lens synthesizes from tryptophan UV
filters (Wood and Truscott, 1993) with absorption centered at about 365nm which
temporarily protect the retina from damaging light while the more definitive adult pigments
are generated and incorporated into lens proteins.

The adult lenticular pigments are derived from two main mechanisms: (i) photoxidation of
the aromatic aminoacids tryptophan and tyrosine, primary absorbers of UV-B light (Cuevas
and Garcia-Castifieiras, 1993; Dillon et al., 1984; Garcia-Castifieiras et al., 1978; Rousseva
et al., 2007; Truscott, 2005; Truscott and Augusteyn, 1977); and, (ii) spontaneous
glycosylation of lens proteins (Maillard reaction) (Frye et al., 1998). Despite lacking
tyrosinase (Carrasquillo et al., 1993), DOPA can be occasionally formed in the lens
probably through hydroxylation of tyrosine by the hydroxyl radical (Fu et al., 1998), a
reaction that initiates the formation of pheomelanin pigments (SH-containing melanins), as
suggested by the finding of thiazoledicarboxylic acid after digestion of nuclear cataract
extracts with potassium permanganate (Cuevas and Garcia-Castifieiras, 1993). The
spontaneous glycation of lens proteins is initiated by the non-oxidative mechanism of
Schiff's base adduct formation between glucose and free amino groups of the protein. At
later stages the chemistry involved becomes extremely complex with intermediaries
undergoing oxidative and non-oxidative degradation and generating new glycosylating
fragments that are recycled through the basic reactions. Reactive oxygen species including
free radicals are formed as the result of the oxidative degradation of intermediaries, adding
further complexity to the system. The final products are the advanced glycation end-
products (AGEs) that include deeply pigmented molecules. Some of the AGEs that have
thus far been characterized clearly constitute crosslinks (Frye et al., 1998). Ascorbate, a
quantitatively important antioxidant component of the lens may eventually participate in
these reactions (Nagaraj et al., 1991).
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The lens and iron homeostasis

In spite of the apparent simplicity of lens structure, knowledge of iron homeostasis in the
lens still lags behind in the assignment of iron related proteins to cell and subcellular
structures. The lens has to secure that the metabolically active epithelium and cortical region
receive enough iron to cover their own metabolic needs including those associated to
differentiation and growth. For this reason it is likely that the lens contains all the proteins
involved in iron metabolism or is able to synthesize them if need be. Thus far, this seems to
be true as very recently reviewed by Goralska et al (2009).

The lens contains an iron average of 0.18 ng/mg wet weight (rabbit) and maintains these
levels under close control (McGahan, 1992). In humans Garner et al. (2000) report levels of
7 ng/mg dry weight and Levi et al. (1998) report 10 ng/mg protein. Vazquez-Quifiones and
Garcia-Castifieiras (2007) reported averages of about 0.4, 0.3, and 0.9 ng/mg protein in the
cow, pig, and rat, respectively.

Ferritin is also present in the human lens at the level of about 137 ng/mg protein (Levi et al.,
1998). Garner et al. (2000) reported 120 ng/mg protein and immunochemical techniques
showed highest density of ferritin in the epithelium, with diffuse staining throughout the
cortex and nucleus of normal lenses. McGahan et al. (1994) reported ferritin levels of
60-200 ng/mg protein in cultured lens epithelial cells (dog), with much lower levels in the
fiber cells (0.08 ng/mg protein) (Goralska et al., 2009).

Dog lens epithelial cells in culture were able to synthesize and secrete ceruloplasmin and the
effects of added ceruloplasmin on efflux of iron from lens cells were particularly
conspicuous in conditions mimicking iron overload with ferric ammonium citrate (Harned et
al., 2006).

Relative to Tf several arguments were used in the 80's to conclude that a fraction of aqueous
humor Tf was not derived from bodily plasma but from local synthesis within the eye
(Dernouchamps, 1982). The work of McGahan et al. (1995) further and definitively
established that indeed many tissues within the eye express Tf including the lens. In some
cases Tf was also secreted to extracellular spaces or into culture media. Synthesis and
liberation of Tf was exhibited by rabbit lens capsular bags, by dog lens cells in culture and
by human lens capsular bags from autopsy specimens (Davidson et al., 1998). In all these
cases Tf synthesis was upregulated. The presence of Tf in the lens was later confirmed in
several animal species in the range from 1.2 to 7 ug/mg protein (Vazquez-Quifiones, 2005)

An interesting connection was recently made (Lall et al., 2008) between cytosolic aconitase
(which functions as an iron regulatory protein (IRP) when iron levels are low) and synthesis
of GSH, through a glutamate-cystine antiporter, thus linking iron homeostasis with redox
levels in lens epithelial (and RPE) cells.

No studies were available at the time of this writing about the presence and localization, or
expression in the lens of the iron transporters DMT1 and ferroportin, the ferroxidase
hephestin, or the iron regulatory hormone hepcidin.

Comparative iron homeostasis in eye tissues and fluids

In order to obtain an overall picture of iron metabolism in the eye, and an idea of the relative
susceptibility of ocular tissues and fluids to oxidative stress, we compared a limited number
of iron related parameters (total iron (T1), total iron binding capacity (TIBC), % saturation
of TIBC, and Tf) in blood serum and eye fluids and tissues of three animal species (pig,
cow, and rat) (Vazquez-Quifiones, 2005; Vazquez-Quifiones and Garcia-Castifieiras, 2007).
Previously, McGahan and Fleisher (1986) had provided for the first time simultaneous
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values for TI, TIBC and TIBC % saturation in blood plasma and intraocular fluids of several
animal species (dog, cat, pony, pig and rabbit) using an electrothermal atomic absorption
spectroscopic (EAAS) microprocedure for the determination of iron.

After conversion to the same concentration units, and excluding rats from our series because
of their nocturnal living habits, comparable results were in general obtained by both groups
of investigators regarding plasma and intraocular fluids, including identical plasma values
for TI. Saturation of TIBC was very low in the aqueous humor of the cow and the pig in our
series. In the McGahan and Fleisher (1986) series which also included the pig, saturation of
TIBC in the aqueous humor of this animal was also below 10%, suggesting that our finding
in the cow and pig may represent a truly species-related difference. Two important
coincidences were also noted in both series that were species-independent: (i) Tl and TIBC
concentration values (mg/L) were much higher in plasma than in intraocular fluids; and, (ii)
% TIBC saturation values were highest in the vitreous.

Our results, all expressed relative to protein, are condensed in figure 2. Vulnerability to
oxidative stress was considered higher in association with high relative concentrations of T,
low relative concentrations of Tf and TIBC, and high % saturation TIBC.

The main conclusions derived from our work can be summarized as follows: (1) the aqueous
humor of diurnal species (cow, pig) exhibited the highest relative concentration of Tf,
followed by the vitreous body. Among ocular tissues, the lens always exhibited the lowest
relative concentration of Tf; (2) Tl relative concentration was highest in the vitreous body of
diurnal species and lowest in the lens; (3) also in diurnal species, saturation of Tf was in the
20% range expected for plasma, increased several times in the retina, was maintained at
about 40% in the vitreous, and decreased to less than 10% in the aqueous humor; (4) results
suggested a high degree of oxidative stress in the rat, interpreted on the basis that, being a
nocturnal animal, the rat does not require significant protection against photochemical
effects of light on the eye; (5) it was also noted in the diurnal species that the back of the
lens is exposed to the high TI relative concentration (and high % Tf saturation) of the
vitreous body, which could contribute to the damaging effects on the lens of increased
oxygen levels after vitrectomy (Barbazetto et al., 2004), and thus to postvitrectomy cataract.

Very relevant to the model considered below is the finding of the highest TI relative
concentration (and high % Tf saturation) in the vitreous body, and the highest TIBC (and Tf)
relative concentration (with % saturation below 10%) in the aqueous humor of the eye in
both diurnal species.

A model of iron outflow from the eye

Although it is still premature to propose detailed mechanisms on the handling of iron by eye
tissues and cells, | believe that there is already sufficient data in the literature to propose a
testable hypothesis about the overall movement of iron within the eye and out into systemic
circulation where this iron will be recycled (Figure 3).

The localization of ferroportin/ceruloplasmin(hephestin) in the retina, at the endfeet of glial
Mdiller cells (He et al., 2007), critically positions export of retinal iron at the retinovitreal
interface, towards the vitreous (Figure 3, insert A). Once in the vitreous, it can be assumed
that Fe3* binds to Tf, including locally synthesized Tf, the complex diffusing anteriorly
towards the lens. As already pointed out, it is likely that iron loaded Tf preferentially enters
the extracellular space of the lens at its equatorial region, and directly reaches the apical
interface (EFI), given the lack of apical tight junctions in the elongating lens cells of the
region (Kuszak and Brown,1994) (Figure 3, insert B). Once within EFI, diferric Tf could
enter the anterior epithelial cells by TfR-initiated endocytosis at the apical pole of these
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cells. Inside lens cells, the fate of Fe3* could be as described for many other iron-handling
cells (Aisen, 1992; Andrews and Schmidt, 2007): (i) dissociation from Tf; (ii) reduction to
Fe2*: (iii) release to the cytoplasm through the endosomal symporter DMT1; and, (iv) move
towards the basal pole of the cells by mechanisms that remain mostly unknown. The transfer
or iron to the aqueous humor could then be effected by a ferroportin/ferroxidase export
system presumably located at the basal pole of the cells (Figure 3, insert B). Although not
depicted in Figure 3, the labile cytoplasmic pool of iron could also provide iron for the own
metabolic needs of the lens epithelial cells, or to safely store the excess as ferritin. In our
model, Fe3* exported by the lens would be picked up by aqueous humor Tf and the high
affinity complex would leave the eye with the bulk, pressure-dependent flow of aqueous
humor across the trabecular meshwork and Schlemm's canal, towards the systemic blood
circulation (Figure 3).

At the level of the vitreoretinal interface the ferroportin/ceruloplasmin(hephestin) system
creates a favorable gradient for the transport of iron through the vitreous. The presumed
ferroportin/ferroxidase transport at the basal membranes of the lens epithelial cells would
provide the final impulse for the transfer of iron to the aqueous humor. The intraocular
gradients of Tf relative concentration increasing towards the aqueous humor, and of Tf %
saturation decreasing towards the aqueous humor, that we detected, would tend to facilitate
the movement of iron towards the aqueous humor, giving additional internal consistency to
the proposed model.

Our model may also provide the basis of the apparent regulatory mechanism put forward by
McGahan (1992) underlying the “sink” effect of the lens for iron under pathological
conditions, i.e., after inducing ocular inflammation in rabbits by the intravitreal injection of
an E. coli lipopolysaccharide endotoxin. The situation created by this uveitis could be very
complex, however, since it affects the permeability of all blood-ocular, epithelial and
endothelial barriers of the eye, and may result in intraocular bleeding and tissular necrosis
(McGahan, 1992). Following the injection of the toxin a marked increase of iron and TIBC
in intraocular fluids occurred, as well as an increase in the saturation of TIBC with iron.
These changes were attributed to the flooding of the eye with plasma transferrin through the
disrupted barriers and the extravasation and degradation of iron containg blood proteins.
According to the author, the lens absorbed a significant amount of the intraocular iron
overload, because of the temporary and specific lenticular uptake of iron during the
inflammatory episode (Cu concentration remained normal within the lens). The injection of
the toxin also triggered an inflammatory response consisting of a dose-dependent increase in
cells and in the concentration of protein of the intraocular fluids.

All those changes peaked within 24 hours (later in the vitreous body), then slowly subsided,
and after 15 days there were no longer significant differences between the eye exposed to
the endotoxin and the contralateral, control eye. At the lowest dose used (0.25 ng) no
increase in iron in 24 hours was detected within the lens.

The results just described can be interpreted under the light of the model now being
proposed for the normal movement of iron within the eye. It can be assumed that initially,
and with the lowest dose of endotoxin, the anterior lens epithelium is able to handle all the
iron reaching the EFI, perhaps by simply accelerating the recycling of endosomes, without
iron being accumulated within the lens. Once the lenticular transport is overwhelmed, the
excess labile iron within the epithelial cells would be safely stored as ferritin, particularly
after ferritin synthesis becomes upregulated. De novo synthesis of local Tf may also occur,
in an effort to both decrease the damaging effects of labile cytoplasmic iron, and increase its
transfer towards the aqueous humor and out of the eye. As inflammation subsides all
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parameters of iron metabolism in the lens slowly return back to normal until control levels
are achieved in about two weeks.

Our model provides an important function for locally synthesized Tf in the outflow of iron
from the eye, but it would be premature at this time to try to provide specific details on the
fate of local and systemic Tf along the pathway. The model does not exclude that iron may
exit the eye through other routes involving the blood-retinal barrier of the RPE (He et al.,
2007) and the retinal capillaries. The model requires that ferroportin (or an iron transporter
sensitive to hepcidin) be located in the basal side of the lenticular anterior epithelial cells in
order to explain the epidemiological link of age-related cataracts with ferropenic anemia
(see below).

Age-related cataracts and anemia

With advancing age, the lens progressively loses its two main functional characteristics:
first, accomodation to near vision, giving rise to presbyopia; and, at a later age, transparency
to light, giving rise to cataracts. Age-related cataracts (ARC) is a multifactorial disease, best
described in terms of epidemiological risk factors leading to lens opacification. ARC is
thought to be the result of the accumulation of an excess of posttranslational changes in
cytoplasmic and plasma membrane lens proteins, many of which are of a well-documented
oxidative nature (Augusteyn, 1981; Cuevas and Garcia-Castifieiras, 1993; Dillon, 1991;
Garland, 1990; Spector, 1991; Truscott, 2005). Depending on the lenticular target affected
three main types of ARC are usually defined: nuclear, cortical and posterior subcapsular
cataracts. The fact that most cataracts are of the mixed type (Cataract Management
Guideline Panel, 1993) underlines the idea that the different types of cataract may depend
more on the nature of the target affected within the lens than on entirely different
ethiopathogenic risk factors.

The role of sunlight exposure was always considered important among cataract risk factors
to explain the geographical factor in the prevalence of ARC and as a source of photoxidative
stress (Pitts et al, 1986). Unexpectedly, however, epidemiological studies systematically
failed to detect an association between sunlight exposure and nuclear cataracts. The only
association detected was between sunlight exposure to UV-B light and cortical and posterior
subcapsular cataracts (reviewed by McCarty and Taylor, 1999). Can this be taken to mean
that nuclear cataracts respond to an entirely different ethiopathogenetic mechanism? This
latter possibility is not very likely, as just noted above. It is easier to assume that some
confounding factor is obscuring a valid epidemiological relationship between light exposure
and opacification. The simplest confounding would occur if there were photoxidative
posttranslational modifications that simultaneously have beneficial and damaging effects on
lens transparency. For example, some type(s) of crosslinks could be involved in the long
term structural stabilization of the nuclear lens proteins and thus promote long term lens
transparency, while certain other type(s) of crosslinks could promote lens opacification by
the uncontrolled generation of dark pigments and insolubilization of nuclear lens proteins.
We can speculate that such a scenario is probably much closer to what really happens in the
lens than the assumption of entirely different causative mechanisms.

Having commented on that, space limitations do not allow us to enter in the analysis of
additional individual risk factors for ARC, but there is one special risk which caught our
attention years ago (see Supplemental Material) and is very relevant to this review: the
epidemiological association of age-related cataracts with anemia.

There exist two epidemiological studies in which the iron status of the population studied
was considered: the lens opacities case/control study (LOS) (Leske et al., 1991) and the
case/control study carried out at the Instituto de Oftalmobiologia Aplicada (IOBA, Institute
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of Applied BioOphthalmology) of the University of Valladolid, Spain (Villaroya
Lequericaonandia, 1994). In LOS it was found that iron represented a protective factor
against cataract. In the IOBA study it was found that lack of iron represented an increased
risk factor for cataracts. Both sets of results thus appear internally consistent. In LOS the
parameter studied was the intake of iron, as judged by the amount and type of food ingested,
while in the IOBA study the parameter reflecting iron status was if the patient had a
diagnosis of anemia, specifically iron-deficiency anemia. It was difficult to rationalize at
that time why increased systemic iron availability could represent a protective factor, and
lack of it a risk factor for cataracts, given the role of iron in aggravating oxidative stress.
There was also the possibility of unrecognized coincidences acting as confounding factors to
explain the epidemiological association. | believed then that a deeper study of iron
metabolism was granted, particularly under the light of our finding that transferrin was
specifically enriched in the aqueous humor of senile cataract patients, in proportion to the
severity of the cataract (Cortés-Velazquez and Garcia-Castifieiras, 1997; see also
Supplemental Material).

Progress done in the last decade in systemic iron homeostasis as related to erythropoiesis
and its regulation by the peptide hormone hepcidin (Ganz, 2003), now provides an attractive
explanation for the epidemiological finding described above. The so called anemia of
inflammation (also known as anemia of chronic disease) (Roy and Andrews, 2005) was
classically interpreted as a way to restrict the availability of iron to pathogenic bacteria in an
attempt to inhibit bacterial growth associated to chronic infection. Previously to the
discovery of hepcidin, the pathogenesis of this anemia was attributed to the effects of
interleukin 6 (IL-6) as part of the inflammatory response. It was later shown that one of the
effects of IL-6 was to stimulate the liver to produce the antimicrobial peptide hepcidin
(Nemeth et al., 2004). The mechanism of action of hepcidin was to induce the internalization
and lysosomal destruction of the iron exporter (to plasma) ferroportin located in the
basolateral membranes of the intestinal absorptive cells (Nemeth, 2008). One main
consequence of the disappearance of ferroportin could then be the accumulation of iron in
the cytoplasm of cells exporting iron through this transporter, accumulation that could in
turn cause increased intracellular oxidative stress in the cells. Hepcidin is now known to be
synthesized by non-hepatic cells (Collins et al., 2008) and direct evidence of iron retention
has been obtained in monocytes, macrophages and retinal cells (Gnana-Prakasam et al.,
2008; Theurl et al., 2008). Although still has to be shown that this is what actually happens
in the lens, we could have here the explanation for the apparently contradictory finding in
cataracts of an increased epidemiological risk due to anemia. In our proposed model, all we
need to provoke intracellular oxidative stress of the lens would be the localization of
ferroportin in the basal membranes of the anterior epithelium of the lens, exporting iron to
the aqueous humor.

On the other hand, it is well known that ferropenic anemia is the main stimulus for a specific
increase in the plasma concentration of transferrin (Aisen, 1984; Ponka et al., 1998). A
specific increase in the aqueous humor level of Tf in cataracts as the one described by us
(see Supplemental Material), could also be explained on the basis of an increased local
synthesis of Tf. This would be a very convenient way to try to neutralize an increased
intracellular concentration of iron secondary to a ferroportin blockade. How the local signal
might be generated, however, is unknown at the present time.

The same situation is apparently occurring in AMD as proposed by Wong et al. (2007). For
these authors the link did not come from epidemiological data but, probably, simply from
the possibility of an intracellular iron overload in the retina secondary to the chronic
inflammation likely associated to AMD progression, as indicated before.
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Table 1 is a comparison of the two age-related diseases, macular degeneration and cataracts,
concerning iron-related parameters underlying both diseases. Even with the partial data
available the coincidences are remarkable. Why the similitude between both conditions?

It is not very difficult to visualize in AMD compelling evidence of chronic inflammatory
phenomena. Is there also a chronic condition of inflammatory nature in cataracts? The idea
that autoantibodies might be involved in cataractogenesis is not new (Angunawella, 1987)
but it never was unequivocally demonstrated that they had a role in the disease. There is
little doubt that circulating anticrystallins antibodies are detectable in cataractous patients
(Chylack, 1999), that they increase after endocapsular cataract surgery (Garcia-Castifieiras
et al., 1993) and that they can also be detected for life in normal persons, as already
commented. We found evidence (see Supplemental Material) that suggests that there is a
slow, progressive increase in the permeability of the blood-aqueous humor barrier to protein,
revealed by the tendency for total protein to increase in the aqueous humor, as a function of
age and severity of the cataract. Antibodies could therefore reach back to the aqueous humor
and then to the lens, through an increasingly permeable blood-aqueous humor barrier,
creating a background of chronic inflammation in cataracts. An alternative to such
explanation is that chronic inflammatory conditions of old age, coincidental with, but
unrelated to cataracts, could also explain an apparent epidemiological association with
anemia, instead of being the cataracts themselves the cause of chronic inflammation. The
problem is far from settled and deserves further attention.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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H,0, + Fe* > Fe3 +OH +OH (1)

H,0,+ O, — O, +OH +OH (2)

H,O0, + Fe* >  Fe3*+ OH +-OH
O,” + Fe** > Fe** + O,

Fe

H,O,+ O, —> 0O, +OH +'OH (3)

Figure 1.
Reactive oxygen species and redox cycling of iron. Fenton reaction is represented by

equation (1), Haber-Weiss reaction by equation (2), and iron-catalyzed Haber —Weiss
reaction by equation (3), also known as superoxide-driven Haber-Weiss reaction (Halliwell
and Gutteridge, 1990). Fenton reaction describes the decomposition of hydrogen peroxide to
the highly reactive hydroxyl radical, in the presence of ferrous iron.
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IRIS-CILIARY BODY

PLASMA RETINA VITREOUS AQUEOUS HUMOR

CORNEA

Figure 2.

Iron and iron-related parameters in three animal species, cow, pig, and rat (Vazquez-
Quifiones and Garcia-Castifieiras, 2007). A: Total iron (TI) and Total iron binding capacity
(TIBC). B: Transferrin (Tf) and % saturation of TIBC(Tf). C: anatomical identification key.
A and B are reproduced with permission from the Puerto Rico Health Sciences Journal.
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Figure 3.

A model of the iron outflow pathway in the eye. The scheme represents the proposed
movement of iron within the eye, starting at the endfeet of Miller cells in the retina (insert
A) where a strong immunoreactivity for ferroportin and the ferroxidases ceruloplasmin/
hephestin has been described (He et al., 2007) that permits the export of Fe2* as Fe3*
towards the vitreous cavity. In the vitreous body, Fe3* binds to Tf, and diffuses forward
towards the lens. At the equatorial region of the lens (insert B) diferric transferrin could
preferentially reach the apical interface (EFI) of the lens given the lack of tight junctions
between fibers cells in that region (Kuszak and Brown, 1994), to be endocytosed by Tf
receptors in the apical membranes of the lens epithelium. Intracellular events could be as
described for many cells (Aisen, 1992): after acidification of the endosomes with a proton-
ATPase, Fe3* dissociates from Tf, is reduced to Fe2* by some ferrireductase activity, and is
transferred to a labile cytoplasmic pool through the H*/Fe2* symporter DMT1. This leaves
apoTf ready to move back to the apical pole of the cells and restart the cycle. Cytoplasmic
iron moves towards the basal pole of the cells by not yet characterized mechanisms. A
second ferroportin/ferroxidase system in the basal membranes is being proposed that pumps
Fe3* into the aqueous humor, where it is bound again to Tf and then recycled into systemic
circulation through the trabecular meshwork and Schlemm’s canal with the aqueous humor
bulk flow at the iridocorneal angle. Other destinations of the cytoplasmic pool of iron to, for
example, meet the epithelial cells own need for iron or to store iron as ferritin, are not
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represented in this diagram. Also undepicted is a potential backflow of iron through the
blood-retinal barrier.
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Table 1

Iron homeostasis parameters in age-related macular degeneration (AMD) and cataracts (ARC)

parameter AMD ARC
local transferrin synthesis increased MRNA expression in retina increased ratio Tf/total protein in aqueous humor
(Chowers et al, 2006) (Cortés-Velazquez and Garcia-Castifieiras, 1997)
intracellular chelatable iron increased levels (Hahn et al, 2003) increased levels (Garner et al, 2000)
hepcidin expressed in retina (Gnana-Prakasam et al, ?
2008)
ferroportin abundant in Miller cells endfeet (He et al, ?
2007)
epidemiological association to anemia ? yes (Leske et al, 1991; Villarroya
Lequericaonandia, 1994)
plasma transferrin, other iron status ? ?
parameters
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