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Renal Iron Metabolism: Transferrin Iron Delivery and the
Role of Iron Regulatory Proteins
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n mammalian cells, iron is required for the function of
I many prosthetic groups, including heme and iron-sulfur

clusters. Mammals absorb dietary iron and heme across
the apical mucosa of duodenal epithelial cells using a Fe**
transporter known as divalent metal transporter 1 (DMT-1; also
known as solute carrier family 11 member 2, divalent cation
transporter 1 (DCT1), and natural resistance associated macro-
phage protein 2) (1) or a specific heme transporter, heme carrier
protein 1 (2). On the basolateral membrane, ferroportin (also
known as mental transport protein 1 and iron regulated trans-
porter 1) exports iron to the plasma (3), aided by hephaestin (4),
which oxidizes ferrous (Fe®") to ferric (Fe®>") iron. Serum trans-
ferrin (Tf), a 78-kD glycoprotein that is secreted mainly by the
liver, binds one or two Fe®' atoms. Each Fe®>' binds to four
amino acid ligands from Tf and additionally binds a carbonate
anion that stabilizes iron binding by providing two oxygen
ligands. Carbonate binding completes occupancy of the six
coordination positions of Fe>* and thereby stabilizes binding of
Fe** to Tf. Tf-bound iron circulates freely in the serum and
extravascular spaces, and it serves as a source of iron for cells
and tissues that are perfused by the systemic circulation, in-
cluding liver, heart, muscle, kidney, and bone marrow (5).
Excess intracellular iron is stored in ferritin, a heteropolymeric
molecule that has a spherical shell structure and is composed of
24 H and L subunits, which can store up to 4500 iron atoms as
a mineral core inside the shell (6). Iron can be released from
ferritin when cells need more iron either when ferritin is de-
graded in the lysosome (7) or through a pore in the ferritin shell
(8).

Most cells modulate iron uptake by regulating the amount of
Tf receptor 1 (TfR1) (9) that they express on the plasma mem-
brane. The TR functions as a dimer, and each 90-kD monomer
has a single transmembrane-spanning domain. Upon binding
iron-bearing Tf, the TfR-Tf complex is internalized into an early
endosome, where acidification facilitates release of Fe®" from
Tf and a reductase reduces Fe®>* to Fe** (10), which then can be
exported into cytosol by DMT-1 in the late endosomal/lysoso-
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mal compartment. A second TfR that is expressed mainly by
hepatocytes, TfR2, is not regulated by intracellular iron levels
and is unlikely to be important in renal iron metabolism (11).

Renal Filtration of Tf and Proximal Tubule
Resorption

In normal urine, the quantity of Tf is approximately 0.32 to
0.47 mg/24 h (12), but in Fanconi syndrome, a disease that is
characterized by generalized dysfunction of renal proximal
tubules, urinary concentrations of Tf increase markedly (13).
These findings undermine the commonly held belief that the
high molecular weight of Tf prevents it from being filtered by
the glomerulus (14). In the proximal tubule, the cubilin recep-
tor, which is highly expressed on the apical membrane of
kidney proximal tubules, is thought to mediate uptake of Tf
(15). Although DMT-1 has been reported to localize to the
apical membrane of proximal tubule cells (16), more recent
studies suggest that DMT-1 localizes on the late endosomal and
lysosomal membranes of proximal tubule cells, where it would
facilitate the uptake of Tf-bound iron (17-19). In addition, when
Tf is added to either the apical or the basolateral membrane of
a polarized cell line that is derived from proximal tubule cells,
WKPT-0293 Cl.2 cells, Tf is internalized from the apical mem-
brane but not from the basolateral membrane (19). These find-
ings also suggest that some Tf normally enters glomerular
filtrate, but it is retrieved by specific receptor-mediated uptake
in the kidney tubular system. It is interesting that TfR is ex-
pressed on the apical membrane of proximal tubule and col-
lecting duct cells in mice (Figure 1), in distal convoluted tubules
in the medulla of rats (20), and in all tubules in humans (21),
offering a straightforward mechanism by which Tf can be re-
trieved from filtrate (Figure 2). It has been found that Tf is an
essential growth factor in the development of kidney and dif-
ferentiation of tubule (22), and retrieval of Tf from filtrate may
be the major mechanism by which proximal tubule cells acquire
the iron that they need (19).

In the kidney-derived cell line MDCK, TfR localizes to the
basolateral membrane (23). It is not known which of the many
cell types in kidney gave rise to MDCK cells, and although the
localization of TfR in MDCK cells has been studied extensively,
its physiologic role in renal iron metabolism is not clear.
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Figure 1. Localization of transferrin receptor (TfR) in mouse
kidney. TfR expression was detected by immunofluorescence in
the cortex (a) and medulla (b) of wild-type (WT) mouse kidney.
TfR was highly expressed in the proximal tubule in kidney
cortex, especially on the apical membrane of Bowman'’s capsule
(arrow) and proximal tubule (arrowhead), and also was ex-
pressed highly on the apical membrane of collecting tubule in
medulla (M). There was no staining when primary antibody
was omitted (c). Glomeruli in a and ¢ are indicated (G). Paraf-
fin-embedded tissue sections were boiled in a micro oven for 15
min for antigen retrieval after dewaxing and rehydrating. The
sections were blocked in 5% normal goat serum in Tris-buffered
saline with 0.1% Tween-20, then were incubated with (a and b)
or without (c) monoclonal anti-TfR antibody (ZYMED Labora-
tories, South San Francisco, CA) for 2 h at room temperature,
the protein—antibody complex was labeled by CY3-donkey an-
ti-mouse antibody (red), nuclei were labeled by DAPI (blue),
and the green color was generated by autofluorescence.

Renal Regulation of Ferritin and TfR
Expression: Role of Iron-Responsive
Elements and Iron Regulatory Proteins
1 and 2

In general, most cells regulate expression of ferritin, an iron
sequestration protein, and TfR to meet their nutritional needs.
Iron-regulatory proteins 1 and 2 (IRP1 and IRP2) regulate the
expression of both the H and L chains of ferritin, TfR1, and
multiple other iron proteins. IRP are cytosolic proteins that
sense cytosolic iron levels and bind to RNA stem-loop motifs
that are found in the mRNA transcripts of iron metabolism
genes. These RNA motifs, known as iron-responsive elements
(IRE), consist of conserved sequence and structural elements
(Figure 3) (24,25). IRE consist of lower and upper base-paired
stems, with an unpaired cytosine separating the upper and
lower stems. A six-residue loop, usually with the sequence
CAGUGKX, where X can be any residue but G, contains a base
pair between C1 and G5 of the loop and residues A2, G3, and
U4 of the loop are free to move in solution and form contacts
with IRP. The IRE structure functions as a molecular ruler that
positions two distinct RNA points of contact with IRP: The
bulge C that separates the upper and lower stems and the A2,
G3, and U4 residues of the loop (26). IRP regulate the expres-
sion of IRE-containing transcripts by binding with high affinity
to the IRE. When IRP bind to transcripts that contain an IRE in
the 5" untranslated region (UTR), they repress its translation,
whereas when they bind to the IRE in the 3" UTR of TfR1, they
protect the transcript from endonucleolytic cleavage and in-
crease TfR mRNA abundance (reviewed in references [27,28]).

IRP1 and IRP2 share high sequence similarity and exhibit
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Figure 2. Localization of TfR and divalent metal transporter
(DMT-1) in mouse kidney. TfR is localized on the apical mem-
brane of proximal tubule and distal tubule, where it can bind
diferric Tf in the glomerular filtrate. The Tf-TfR complex then is
internalized into endosomes, whereupon the pH is lowered to
approximately 5.5 to facilitate the release of iron from Tf. With
the aid of a ferrireductase, the released iron can be exported
into cytosol by DMT-1 that is localized at the endosomal/
lysosomal membrane in proximal tubule. DMT-1 also is local-
ized on the apical membrane of distal tubule, where it can

resorb iron from tubular fluid. Illustration by Josh Gramling—Gramling
Medical Illustration.

very similar biochemical activities with respect to their IRE-
binding affinity, but their iron-sensing mechanisms are signif-
icantly different. IRP1 is a bifunctional protein in which its
activity is determined by the presence or absence of an iron-
sulfur cluster (Figure 4). When IRP1 contains an iron-sulfur
cluster in the active site cleft, it functions as a cytosolic aconi-
tase that interconverts citrate and isocitrate in cytosol (29).
When the iron-sulfur cluster is absent, the fourth domain of
IRP1 pivots on a flexible hinge linker to open a new binding
space that can accommodate the IRE. Disassembly of the iron-
sulfur cluster as a result of oxidation by superoxide (30), nitric
oxide (31), and other oxidants increases the amount of IRP1 in
the IRE-binding form, whereas enzymes that are important in
iron-sulfur cluster assembly promote the formation of the cy-
tosolic aconitase form of the protein when there is sufficient
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Figure 3. Iron-responsive element (IRE) sequence and second-
ary structure. (a) The IRE contains a six-residue loop, usually
with the sequence CAGYGX, where Y represents U or C and X
represents any residue except G. The upper and lower stems
are composed of base pairs of variable sequence (N-N’) that are
separated by an unpaired C. (b) In the nuclear magnetic reso-
nance solution structure of a consensus IRE, a base pair forms
between C1 and G5, and A2 stacks on G5 in the conserved loop
sequence CAGUGX. The helical upper and lower stems have an
A-form conformation, and both the bulge C and the unpaired G
residue at position 3 in the loop are disordered in solution. The
5-bp upper stem most likely functions as a molecular ruler that
orients and correctly distances the bulge C from residues in the
loop, allowing flexible residues to participate in sequence-spe-
cific interactions between the IRE and iron-regulatory proteins
(IRP). Adapted from reference (11), with permission, courtesy
of K. Addess.

iron to support iron-sulfur cluster synthesis (Figure 4) (29).
When IRP1 is in the cytosolic aconitase form, it does not bind to
IRE of the target transcripts, and the translation of H- and
L-ferritin proceeds freely, creating a 24-subunit spherical pro-
tein that can oxidize and sequester several thousand Fe®* at-
oms within its core (Figure 4). TfR1 contains five IRE in its 3’
UTR, and when IRP are not bound to the 3’ UTR, TfR mRNA
undergoes iron-dependent degradation and TfR levels decrease
accordingly (32).

IRP2 also binds to IRE in iron-depleted cells. However, un-
like IRP1, IRP2 undergoes iron-dependent ubiquitination and
proteasomal degradation in iron-replete cells (reviewed in ref-
erences [27,28]). IRP2 is expressed ubiquitously throughout the
mouse tissues, including kidney (Figure 5) (33). Animal studies
have revealed that IRP2 has a very significant role in regulation
of tissue iron metabolism, and complete loss of IRP2 results in
microcytic anemia, elevated serum ferritin, and late-onset neu-
rodegeneration (34-36). The anemia results from decreased TfR
expression in erythroid precursor cells (34). Interstitial fibro-
blasts in the kidney respond to hypoxia that results from de-
creased red cell oxygen-carrying capacity by secreting erythro-
poietin (37,38), and erythropoietin levels increase three- to five-
fold in animals that lack IRP2, as expected in response to
anemia (34).

Increased erythropoietin secretion by renal fibroblasts results
from activation of hypoxia-inducible factors 1a and 2a (HIF-1a
and HIF-2a) (39). When oxygen levels are normal, HIF undergo
hydroxylation by prolyl hydroxylases. Hydroxylated HIF then
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Fe-5 assembly enzymes
Scaffold protesn

\ Oidative
\ chuster disassembly

f_;‘f' )

+Fe

oFe-5 cluster
assermbly &ntymes

Cytosolic aconitase lorm of IRP1 contains an IRE-binding lorm of IRP1

Fe-S Cluster

Famitn

open feading
of ferritin H
and L chains

. inmanon
codop

Figure 4. The iron-sulfur switch of IRP1. IRP1 is a bifunctional
protein that can exist as a functional cytosolic aconitase when it
binds an iron-sulfur cluster, interconverting citrate and isocit-
rate, or as an apoprotein that can bind IRE to regulate the
expression of iron genes. The active site cleft that is responsible
for aconitase activity overlaps with the region that binds to IRE,
and binding of the iron-sulfur cluster prevents the binding with
IRE. Thus, the unstable iron-sulfur prosthetic group may be the
key determinant that switches IRP1 from an aconitase to the
IRE-binding apoprotein, and numerous factors that can affect
the formation or the disassembly of iron-sulfur cluster will
regulate the IRP1 function and the expression of iron genes. For
example, in iron-replete conditions, IRP1 will have an iron-
sulfur cluster and will not bind IRE, and its inhibitory effect on
ferritin translation will be absent, resulting in more ferritin
synthesis (28).

are ubiquitinated by the Von Hippel-Lindau (VHL) complex
and targeted for degradation by the proteasome (40). Prolyl
hydroxylases depend on Fe*" for activity, and HIF levels there-
fore may increase in iron-deficient cells (41). It is interesting
that the promoters of both TfR1 (42) (43) and Tf (44) contain HIF
response elements, and mRNA levels of both TfR1 and Tf
increase in iron-deficient cells.

Kidney is the mouse tissue in which IRP1 is most highly
expressed (33). Animals that lack IRP1 are unable to repress
ferritin synthesis fully in the kidney under conditions of iron
deficiency (33), demonstrating that IRP1 contributes signifi-
cantly to regulation of iron metabolism in the kidney (Figures 5
and 6). In most other tissues, loss of IRP1-binding activity does
not lead to misregulation of iron metabolism, because IRP2
levels increase in compensation (33,45). However, in kidney of
IRP1—/— mice, although IRP2 levels increase in a compensa-
tory manner, as expected, the increase in IRP2 is not sufficient
to repress ferritin synthesis completely (Figures 5 and 6). Fail-
ure to repress ferritin synthesis appropriately exacerbates iron
deficiency, because ferritin competes effectively for available
iron in tissue culture cells (46) and in the kidney of intact
animals (47). The ability of ferritin overexpression to create
relative iron deficiency likely is a major reason that ferritin
expression is tightly regulated. As for TfR, there is only a slight



404 Journal of the American Society of Nephrology J Am Soc Nephrol 18: 401-406, 2007

R e el T

IRP2-/-

IRP1

IRP1 “HHHH |
RP2 Sy S yﬂa ..;... -
L Fen — e s D G NS ;-;;

-— -

Tuvuin WD -i- - e

Figure 5. Western blot analysis of the expression of IRP and L-ferritin in mouse kidney. The expression of IRP1 protein was unchanged
in IRP2—/— mice compared with WT mice and was completely absent in IRP1—/— mice, as expected. The expression of IRP2
significantly increased in IRP1—/— mice compared with WT mice (P < 0.05), and there was no expression in IRP2—/— mice. L-ferritin
expression was significantly increased in IRP knockout mice compared with WT mice (P < 0.01 for both genotypes), and the expression
in IRP2—/— mice was higher than that in IRP1—/— mice (P < 0.01). Protein samples (60 ug for each lane) were separated in 4 to 20%
SDS-acrylamide gel. The samples for each group were from three different mice. a-Tubulin was used as loading control. The density
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of the bands was measured with Image], and the data were analyzed with Microcal Origin 6.0.
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Figure 6. Ferritin expression in mouse kidney. Immunofluores-
cence showed ferritin expression in the kidney cortex of WT (a),
IRP2—/— (b), and IRP1—/— (c) mice. Ferritin was expressed in
the proximal tubule of mouse kidney. The expression of ferritin
protein was increased in both IRP1—/— and IRP2—/— mice, and
the upregulation in IRP2—/— mice was higher than that in
IRP1—/— mice. Glomerulus was indicated by G. Paraffin-embed-
ded tissue sections were probed with rabbit anti-ferritin antibody
for 2 h at room temperature, then the protein-antibody complex
was labeled by CY3-donkey anti-rabbit antibody (red) and nuclei
were labeled by DAPI as counterstaining (blue).

decrease in IRP1—/— or IRP2—/— mice compared with wild-
type mice (D.Z., unpublished observations). TfR changes may
be difficult to assess in kidney lysates because different cell
types are mixed together in lysates. TfR mRNA degradation
also requires a specific but uncharacterized endonuclease that
may be nonabundant in kidney (32) (Figures 1 and 5).

IRP1 Is Highly Expressed in Proximal
Tubules

IRP1 is highly expressed in proximal tubules of the kidney
(Figure 7). The vast majority of IRP1 is an active aconitase at
physiologic oxygen concentrations (33), and the high expres-
sion levels of IRP1 in the proximal tubule may be explained by
a need for cytosolic aconitase activity at this location. Proximal
tubule cells reabsorb 75 to 90% of the citrate that enters the
glomerular filtrate (48), and this resorbed citrate likely is me-

Figure 7. Localization of IRP1 in mouse kidney. In situ hybridiza-
tion showed the IRP1 mRNA expression in sections of WT mouse
kidney at various magnifications: X20 (a), X10 (b), and X4 (c) (33).
IRP1 mRNA was expressed in the proximal tubule of the kidney
cortex (C) of WT mice, whereas there was little, if any, IRP1
mRNA in the kidney medulla (M). Immunofluorescence showed
the IRP1 protein expression in mouse kidney (from WT mice [d
and e] and from IRP1—/— mice [f]). IRP1 was highly expressed in
the proximal tubule in kidney cortex (C), and there was very little
expression in kidney medulla (M) and no label in the kidney of
IRP1—/— mice. Glomeruli are indicated by G. Paraffin-embedded
tissue sections were incubated with rabbit anti-IRP1 antibody for
2 h at room temperature, and the protein-antibody complex then
was labeled by CY3-donkey anti-rabbit antibody (red); nuclei
were labeled with DAPI (blue) for counterstaining.

tabolized by cytosolic aconitase to yield isocitrate, which in
turn can be metabolized by cytosolic isocitrate dehydrogenase
to yield 2-oxoglutarate, a carbon source that can replenish the
mitochondrial citric acid cycle. Alternatively, 2-oxoglutarate
could be transaminated to produce glutamate, which could
donate an amino group for urea formation. Kidneys filter and
also likely secrete urea, and proximal tubule cells contain the
argininosuccinate synthetase and lyase enzymes of the urea
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cycle (49), raising the theoretical possibility that proximal renal
tubular cells can secrete urea. Glutamate turnover is high in the
proximal tubule (50). The striking localization of cytosolic ac-
onitase to proximal tubule cells (Figure 7), together with the
fact that most citrate in glomerular filtrate is resorbed at this
site, suggests that much of the resorbed citrate must be metab-
olized to isocitrate for further utilization.

Iron Metabolism and Renal Cancer

In renal cancers in which the oncosuppressor VHL is inacti-
vated, TfR levels increase markedly, perhaps because HIF lev-
els increase TfR transcription (51). Other aspects of iron metab-
olism have not yet been described in detail in kidney cancers.
Notably, iron can function as a renal carcinogen. Exposure of
rats to high doses of ferric nitriloacetate predisposes to devel-
opment of kidney cancer (52), but the mechanism by which iron
induces cancer formation is not known.

Conclusion

IRP1 and IRP2 both regulate target transcripts, including
ferritin and TfR posttranscriptionally in kidney. Specialized
interstitial fibroblasts within the kidney are responsible for
sensing hypoxia and releasing erythropoietin. Hypoxia sensing
depends on iron-dependent prolyl hydroxylases, which hy-
droxylate HIF and target HIF for ubiquitination by VHL and
proteasomal degradation. This pathway may regulate Tf and
TR transcription. It is likely that expression of TfR on the apical
membrane of proximal tubular cells has an important role in
retrieving Tf from glomerular filtrate. IRP1, which is expressed
in extremely high levels in the kidney, is a bifunctional protein
that has an important role as a cytosolic aconitase that converts
citrate into isocitrate in proximal tubular cells. Proximal tubular
cells resorb citrate, and cytosolic aconitase likely is needed to
metabolize citrate. The ultimate fate of resorbed citrate in prox-
imal tubular cells is not known.
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