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SYSTEMIC IRON HOMEOSTASIS
IN MAMMALS

Iron is essential for oxygen transport, cellu-
lar respiration, and DNA synthesis. Iron de-
ficiency can cause cellular growth arrest and
death. Conversely, iron excess and “free” re-
active iron is toxic: Ferrous iron reacts with
hydrogen peroxides or lipid peroxides to gen-
erate hydroxyl or lipid radicals, respectively.
These radicals damage lipid membranes, pro-
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teins, and nucleic acids. Since both iron de-
ficiency and iron overload are detrimental to
the cell, anomalies in iron metabolism are fre-
quent causes of clinical disorders. For example,
iron overload in hereditary hemochromatosis
(HH) and the thalassemias leads to potentially
fatal liver or heart failure. Iron deficiency repre-
sents the most common cause of anemia world-
wide and can cause developmental retardation
in children. Thus, iron homeostasis must be
tightly controlled on both the systemic and the
cellular levels to provide just the right amounts
of iron at all times.

The saturation of the plasma protein trans-
ferrin with iron is a major indicator and de-
terminant of systemic iron homeostasis. Di-
ferric transferrin circulates in the blood and
provides iron to most cells of the body. Iron
saturation of serum transferrin is predom-
inantly determined by the amount of iron
(@) absorbed from the intestine, (b) recycled
from senescent red blood cells and released by
macrophages, and (¢) utilized for erythropoiesis,
the main iron consumer (32). In addition, difer-
ric transferrin affects the expression of hepcidin
(Hamp1/Leapl) (48), a small hepatic peptide
hormone that regulates intestinal iron absorp-
tion and iron release from macrophages and
hepatocytes by virtue of controlling the expres-
sion of the iron exporter ferroportin (FPN1)
(24). Thus, both iron-bound transferrin and
hepcidin are important effectors of systemic
iron homeostasis (Figure 1).

Cellular iron levels are predominantly bal-
anced by the iron-responsive element/iron reg-
ulatory protein (IRE/IRP) regulatory system
(see below). Interestingly, recent studies have
begun to uncover important regulatory roles of
the IRE/IRP network of systemic iron param-
eters, which is the focus of this review.

THE IRE/IRP REGULATORY
SYSTEM

Cellular iron homeostasis is achieved by the
coordinated and balanced expression of pro-
teins involved in iron uptake, export, stor-
age, and utilization. Although genetic control
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is exerted at multiple steps, the posttran-
scriptional control mediated by the IRE/IRP
system has emerged as central and essen-
tial (32). Cellular iron metabolism is coordi-
nately controlled by the binding of IRP1 or
IRP2 to cis-regulatory mRINA motifs termed
IREs; IRE/IRP interactions regulate the ex-
pression of the mRNAs encoding proteins
for iron acquisition [transferrin receptor 1
(TFRC-TFRI), divalent metal transporter 1
(SLC11A2-DMT1-DCT1-NRAMP2)], stor-
age [ferritin H (FTH1) and ferritin L (FTL)],
utilization [erythroid 5’-aminolevulinic acid
synthase, mitochondrial aconitase (ACO?2),
Drosophila  succinate dehydrogenase (SDH),
hypoxia-inducible factor 2 (HIF2, Epasl)], and
export (SLC40A1-FPN1-IREG1- MTP1) (74,
92) (Figure 2). Past and recent evidence sug-
gests that additional mRNAs are regulated by
the IRPs (10, 39, 73).

IRE/IRP complexes formed within the
SUTR of an mRNA (e.g., FTHI, FTL,
ALAS2, ACO2, FPNI) inhibit translation,
whereas IRP binding to IREs in the 3'UTR
of TFR1 mRNA prevents its degradation. The
combined IRE-binding activity of both IRPs
is high in iron-deficient cells and low in iron-
replete cells. Distinct mechanisms control IRP1
and IRP2 activity in response to the cellular la-
bile iron pool. Under iron-replete conditions, a
cubane [4Fe-4S] cluster assembles in IRP1, pre-
venting IRE binding. Interestingly, this assem-
bly converts IRP1 to a cytosolic aconitase that
interconverts citrate and isocitrate. The physi-
ological importance of this cytosolic aconitase
remains to be defined, and IRP1-deficient mice
display no overt phenotype (21, 59). In iron de-
ficiency, IRP1 binds to IREs as an apoprotein.
Extensive conformational changes that occur in
IRP1 during the conversion between the IRE-
binding form and the cytosolic aconitase can be
explained with the recently solved structure of
the IRE/IRP complex (91). Components of the
iron sulfur cluster assembly machinery, located
mostly in mitochondria, are essential for the in-
corporation of the 4Fe-4S cluster. For example,
lack of glutaredoxin 5 activity causes increased
IRE-binding activity of zebrafish IRP1 with

concomitant anemia (97) (see below). Likewise,
hepatocyte-specific ablation of the mitochon-
drial ABC half-transporter Abcb7 in the mouse,
which is mutated in X-linked sideroblastic ane-
mia with ataxia in humans, impairs iron-sulfur
cluster assembly in IRP1 (68). In addition, the
iron-sulfur cluster of IRP1 can be destabilized
by other stimuli, such as oxidative stress and
nitric oxide (92).

In contrast, IRP2 does not contain an Fe-
S cluster and is regulated by iron via protea-
somal degradation. The precise details of the
degradation mechanism are still debated (92).
In summary, the regulation of the IRE-binding
activities of IRP1 and 2 assures the appropriate
expression of IRP target genes and cellular iron
balance.

Although the role of the IRE/IRP regulatory
system in cellular iron homeostasis has been
extensively investigated in cultured cells dur-
ing the past two decades, its in vivo functions
have only recently become a focus of attention.
Mouse embryos that lack both copies of the
IRP1 and the IRP2 genes die early, indicating
that the IRE/IRP regulatory network is essen-
tial, at least for early development (23, 82). By
contrast, analysis of mice lacking either IRP1
or IRP2 reveals that the two IRPs can largely
replace each other (see below) (11, 22, 59). In
combination with biochemical data, these find-
ings suggest that IRP1 and IRP2 can both ef-
fectively regulate their target mRINAs.

THE FUNCTION OF THE IRE/IRP
REGULATORY NETWORK
IN ERYTHROPOIESIS

In healthy individuals, some two million ery-
throcytes are produced every second in the
bone marrow, and erythropoiesis requires large
amounts of iron (25 mg daily) for heme syn-
thesis. The iron required for erythropoiesis is
almost exclusively provided by the plasma pro-
tein transferrin (Figure 1). The number and
hemoglobin content of erythrocytes is a major
determinant of tissue oxygenation, and a feed-
back loop involving erythropoietin (EPO) reg-
ulates erythropoiesis. EPO is produced in the
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kidney and the liver in response to low oxygen
levels and increases erythropoiesis. Enhanced
erythropoietic activity in turn reduces hepcidin
production by the liver, which then allows suf-
ficient iron to be absorbed from the intestine
(see Figure 1). IRPs control the expression of
several critical components of this regulatory
circuit.

Role of the IRE/IRP System
in the Control of EPO Levels

Mammals adapt to changes in oxygen availabil-
ity via a response pathway mediated by a family
of transcription factors termed HIF (hypoxia-
inducible factor). These transcription factors
form heterodimers composed of the oxygen-
regulated HIFlalpha or HIF2alpha subunit
and a constitutively expressed HIF1f subunit.
Posttranslational control of HIF1/2alpha ex-
pression by iron- and oxygen-dependent hy-
droxylases couples oxygen sensing with the
regulation of hypoxia-sensitive genes. Hy-
poxia abrogates HIF1/2alpha hydroxylation
that would lead to proteasomal degradation, re-
sulting in increased protein stability and activity
(33). HIF transcription factors regulate more
than 40 known target genes, including some
involved in vascularization and oxygenation
77).

Additional mRNAs that are regulated by
the IRE/IRP system were recently identified
by an experimental strategy that integrates
biochemical, biocomputational, and microar-
ray approaches (73). Among those, a phyloge-
netically conserved IRE was discovered in the
S'UTR of the HIF2alpha mRNA, which me-
diates the iron-dependent translational control
of HIF2alpha expression (74). Because the EPO
gene is a major target of the HIF2alpha tran-
scription factor, the IRE within the HIF2alpha
mRNA may serve to modulate EPO levels in-
directly, potentially allowing adjustment of the
rate of red blood cell production to iron avail-
ability. Without such an adjustment, stimu-
lation of erythropoiesis in iron-deficient in-
dividuals may lead to the accumulation of
hypochromic and microcytic red blood cells,
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as iron is critical for heme synthesis and
hemoglobin production. To avoid such a situa-
tion, the IRE in the 5UTR of the HIF2alpha
mRNA may serve to limit HIF2alpha expres-
sion and subsequent EPO production when
iron is scarce (74) (Figure 3).

The IRE/IRP Regulatory System
in Erythroid Cells

Erythroid cells satisfy their immense iron needs
by taking up transferrin-bound iron. Difer-
ric transferrin (Tf) binds to Tf receptor 1
(TfR1) that is highly expressed on the sur-
face of erythroblasts. Tf-TfR1 complexes lo-
calize to clathrin-coated pits and internalize
into endosomes. Early Tf-containing endo-
somes are acidified, which induces a conforma-
tional change in both Tf and TfR1 to release
the iron. The recently identified ferrireductase
Steap3a then reduces Fe’* to Fe’* to import
the iron into the cytoplasm via DMT1 (15,
64) and into mitochondria for heme biosynthe-
sis. Excess iron may be stored within ferritin
(Figure 3). Apo-Tfand TfR1 return to the cell
surface for further cycles of iron binding and
uptake (32).

Mouse models reveal the importance of
transferrin-mediated iron uptake for erythro-
poiesis: (2) Tf-deficient mice develop severe
microcytic hypochromic anemia with tissue
iron deposition (85); (b)) TfR1-deficient mice
show normal embryonic organ development
but then succumb to severe anemia with micro-
cytic hypochromic erythrocytes and decreased
iron stores at mid gestation (46); (c) mice lack-
ing functional DMT1 present with impaired
iron uptake into erythroid precursors (15).
Importantly, both the TfR1 and the DMT1
mRNAs contain IREs within their 3’ untrans-
lated regions, suggesting a functional role of the
IRE/IRP regulatory system in controlling iron
uptake into erythroid precursor cells. This view
is supported by the finding that mice lacking
IRP2 show reduced TFR1 mRNA levels in the
bone marrow together with a mild microcytosis
(11, 22). The decreased TfR1 mRNA expres-
sion likely results from the failure to protect
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TfR1 mRNA sufficiently against degradation
in the absence of IRP2. Low TfRI expres-
sion then hampers sufficient iron uptake and
hemoglobinization leading to microcytosis. Ap-
parently, the lack of IRP2 cannot be fully
compensated for by IRP1 in erythroid cells,
highlighting the importance of IRP2 for nor-
mal erythropoiesis. In addition, the enzyme 5-
aminolevulinic acid synthase 2 (Alas2) is over-
expressed in erythroid cells of IRP2-deficent
mice (11). Alas2 mRNA contains a 5’UTR IRE
that is subject to loss of IRP-dependent transla-
tional repression in Ireb2~/~ mice, confirming
previous studies in cultured cells (57). Alas2 is
the first and rate-limiting enzyme of erythroid
heme biosynthesis, and IRP-dependent trans-
lational control of this enzyme is thought to
limit heme biosynthesis in erythroid precursors
with insufficient iron supplies. Consistent with
the elevated Alas2 expression in Ireb2~/~ mice,
protoporphyrin IX levels are increased, which
suggests that IRP2 deficiency can potentially
account for some cases of protoporphyrinemia
(11).

Iron that enters erythroid precursor cells
can also be stored within ferritin (84). Fer-
ritin is a multimeric protein that sequesters iron
from the intracellular labile iron pool into a
chemically less-reactive ferrihydrite form for
detoxification or further use. Ferritin consists of
light (L)- and heavy (H)-chain subunits build-
ing an apoprotein shell that can hold up to 4500
iron atoms (31). Both the ferritin L- and H-
chain mRNAs contain IREs in their 5"UTRs
and are thus subject to IRP-mediated transla-
tional control. Ferritin expression is increased
in erythroid precursors of Ireb2/~ mice, and
increased iron sequestration into ferritin may
contribute to the anemia observed in this mouse
line (11, 22).

The analysis of IRP2-deficient mice re-
flects the importance of the IRE/IRP network
in erythropoiesis. Recent analyses of the ze-
brafish mutant shiraz that succumbs to severe
hypochromic anemia further support this view.
In shiraz zebrafish, the hypochromic anemia is
caused by a deficiency of glutaredoxin 5 (grx5)
(97). Grx5 is located in the mitochondria of

erythroid cells and is important for the bio-
genesis of Fe-S clusters. Loss of Fe-S clus-
ter assembly in shiraz zebrafish activates IRP1
and blocks heme biosynthesis by inhibition of
ALAS2 mRNA translation, whose expression is
controlled by an IRE in its SUTR (see above).
Overexpression of an ALAS2 mRNA variant
without its 5'IRE sequence rescues the shi-
raz phenotype. Likewise, antisense-mediated
knockdown of IRP1 restores hemoglobin syn-
thesis in this animal model. These data point
toward a link between heme biosynthesis and
Fe-S cluster assembly and highlight the regula-
tory role of the IRE in eALAS mRNA for heme
biosynthesis (97). Interestingly, a patient with a
sideroblastic-like anemia and iron overload was
recently identified to carry a mutation in the hu-
man grx5 gene. Consistent with the phenotype
observed in shiraz zebrafish, patient cells show
diminished cytosolic aconitase and H-ferritin
expression whereas TfR1 levels are increased,
which suggests that IRP1 is also pathologically
activated in this patient (4).

Although there is a clear requirement
for IRPs in orchestrating the expression of
IRE-containing mRNAs during erythropoiesis
(Figure 3), a recent study (75) proposes that
the IRE/IRP system can be bypassed during the
terminal differentiation of primary mouse ery-
throid progenitors when hemoglobin is synthe-
sized and the demand for iron is unusually high.
Using cultured primary murine erythroid pro-
genitors from fetal liver, the authors demon-
strate that the expression of IRE-containing
mRNAs escapes the control by the IRPs in
this experimental setting: The IRP-coordinated
regulation of ferritin and eALAS is uncoupled,
and high TfR1 mRNA levels persist even in the
presence of high levels of iron-bound transfer-
rin. In addition, IRP activity strongly declines
and appears no longer to be regulated by the
cellular iron content. Mechanistically, an imbal-
ance between IRPs and IRE target sites could
contribute to uncoupling ferritin and eALAS
mRNA translation. Alternatively, massive mi-
tochondrial iron import for heme biosynthesis
may involve a mechanism(s) whereby iron is not
sensed within the cytosol (79).
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THE IRE/IRP REGULATORY
NETWORK IN IRON RECYCLING
AND ABSORPTION

In healthy individuals, more than two-thirds of
the total body iron content is accounted for
by hemoglobin in mature erythrocytes and in
their precursors. About 20 to 25 mg of iron are
needed every day to sustain the hemoglobiniza-
tion of new erythrocytes. The vast major-
ity of this comes from the recycling of iron
from senescent or damaged erythrocytes by
macrophages, while only a small fraction (about
1 to 2 mg of iron) is provided by the intesti-
nal absorption of dietary iron (1). Neverthe-
less, in the absence of physiologically regulated
iron excretion, intestinal iron absorption crit-
ically influences systemic iron availability and
loading. By inhibiting iron efflux from ente-
rocytes and macrophages via FPN1, hepcidin
plays a central role in controlling systemic iron
levels (Figure 1). Conversely, critical iron man-
agement proteins expressed in enterocytes and
macrophages are encoded by IRE-containing
mRNAs (Figure 2), raising the question of the
role of the IRE/IRP regulatory network in iron
absorption and recycling.

Iron Absorption

Absorption of dietary iron begins with its trans-
port from the lumen of the gut across the apical
membrane of absorptive enterocytes followed
by its translocation through the cell and its ba-
solateral release into the bloodstream, where it
is loaded onto apo-transferrin. In adults, iron
absorption mainly takes place in the duode-
num. In neonatal rats, iron is also absorbed
more distally, possibly explaining their highly
efficient dietary iron assimilation (19). Two
main forms of iron are taken up by the in-
testinal mucosa: heme and inorganic iron. In
diets rich in meat, heme accounts for approx-
imately two-thirds of the dietary iron supply
of the body. Heme is translocated intact across
the brush-border membrane of duodenal ente-
rocytes and is subsequently degraded intracel-
lularly by heme oxygenase to release the iron
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moiety and to feed the low-molecular-weight
iron pool of the cell. A duodenal cDNA encod-
ing a putative apical heme carrier with homol-
ogy to bacterial metal-tetracyclin transporters
was recently isolated (78). Solute carrier family
46 member A1 (SIC46A1, also named heme car-
rier protein 1, or HCP1) is able to carry heme
into cells, and its expression or localization in
the intestine responds to stimuli that affect
iron absorption (e.g., hypoxia, dietary or sys-
temic iron loading). However, the main func-
tion of SIC46A1 appears to be proton-coupled
folate transport, and its importance for intesti-
nal iron absorption has been challenged (70).
Targeted mutagenesis of the murine S/c46al
gene could shed light on thisissue. Before trans-
port across the apical membrane of absorptive
enterocytes, ferric iron must be reduced. Duo-
denal cytochrome b (DCYTB, also known as
cytochrome b reductase 1, or CYBRD1), whose
expression is increased by iron deficiency and
hypoxia, was thought to fulfill this function (55),
but DCYTB appears to be dispensable for iron
absorption, at least in the mouse (29). Unlike
DCYTB, DMT1 is essential for dietary iron
acquisition, as demonstrated by the severe iron-
deficiency anemia of mice with a selective ab-
lation of DMT in the intestinal mucosa (28).
By alternative transcription start site usage and
posttranscriptional processing, at least four dif-
ferent DMT1 mRNA isoforms containing or
lacking an IRE in the 3'UTR can be expressed
(34). In the duodenum, the DMT'1 isoforms en-
coded by IRE-containing mRNAs prevail (23)
and are particularly enriched at brush-border
membranes (54).

How iron is transferred intracellularly from
the apical site to the basolateral iron export
machinery is still largely unknown, and dif-
ferent models have been suggested (53). Iron
is exported into the bloodstream via the ba-
solaterally expressed efflux channel FPNI in
conjunction with the ferroxidase hephaestin.
FPNT1 is essential for iron export from entero-
cytes, as illustrated by the mucosal iron reten-
tion and the ensuing hypochromic anemia in
mice lacking intestinal FPN1 expression (14).
Hephaestin is also important for this process
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(90) but can apparently be substituted for by the
other ferroxidase, ceruloplasmin, at least under
some stress conditions, such as acute bleeding
().

Intestinal iron absorption can be modulated
by the size of the body iron stores, by ery-
thropoietic activity, and by recent dietary iron
intake. The regulation of iron absorption in-
volves complex transcriptional, posttranscrip-
tional, and posttranslational mechanisms. Al-
though SIC46A1, DCYTB, and hephaestin are
not directly regulated by IRPs, other central
iron management proteins in the intestine, in-
cluding the ferritin H- and L-chains, TFRI,
and the two essential iron transporters DMT1
and FPNI1, are encoded by IRE-containing
mRNAs. Both IRP1 and IRP2 are expressed
in villi and in the crypts of Lieberkiihn (76),
and the IRE/IRP system is essential to main-
tain the structural and functional integrity of
the intestine (23). In villus enterocytes able to
take up dietary iron, IRP activity is responsive
to changes in luminal iron levels; by contrast,
precursor cells in the crypts cannot take up di-
etary iron but acquire it from the blood via
TFR1 (76). TFR1-mediated iron uptake has
been proposed to “inform” intestinal precursor
cells about the body iron status and, via reg-
ulation of IRP activity, to program their iron
absorption capacity while maturing to absorp-
tive villus cells (76). This “crypt programming”
hypothesis could in principle account for the
negative correlation between dietary iron ab-
sorption and transferrin saturation. Moreover,
impaired duodenal uptake of transferrin-bound
iron in hemochromatosis (HFE)-deficient mice
was initially seen as a possible molecular mech-
anism underlying HH, explained by the inabil-
ity of nascent enterocytes to sense body iron
overload and be appropriately programmed to
reduce iron absorption (86). However, intesti-
nal HFE has subsequently been shown to be
dispensable for normal iron homeostasis (89),
and the lag observed between a stimulus to al-
ter iron absorption and the actual change in ab-
sorption more likely reflects the time required
for adjusting hepcidin expression (18). Hence,
IRP-dependent programming of crypt cells, if

true, does not appear to play a primary role in
the control of dietary iron absorption.

The regulation of DM'T1 and FPN1 expres-
sion by, e.g., iron deprivation, increased ery-
thropoiesis, or pregnancy (17) appears to in-
volve distinct mechanisms that operate in ma-
ture enterocytes. Basolaterally expressed FPN1
responds directly to the humoral regulator hep-
cidin that triggers FPNI internalization and
degradation (61), although this mechanism has
not yet been formally proven in vivo. Although
it has been proposed that hepcidin could tar-
get apical rather than basolateral iron transport
(43, 58, 98), DMT1 appears to be regulated
locally by the amount of iron within entero-
cytes. Indeed, Sla mice with iron loading in en-
terocytes fail to increase their intestinal DMT1
expression in spite of systemic iron deficiency
and severe anemia (6). Although no change in
duodenal DMT'1 expression has been reported
in mice lacking either IRP1 (59) or IRP2 (22),
likely due to the ability of the two IRPs to
substitute for each other, simultaneous abla-
tion of both IRPs in the intestinal mucosa elic-
its a strong and selective downregulation of
the IRE-containing isoforms of DMT1 mRNA
(23). This result suggests that the IRPs posi-
tively regulate DMT'1 expression, possibly in-
volving a mechanism similar to the stabiliza-
tion of TfR1 mRNA. The precise molecular
mechanisms by which the IRPs control DM'T1
synthesis, however, remain to be determined.
In cultured cells, iron regulation of DMT1 ex-
pression was attributed to transcriptional con-
trol (101), and direct positive evidence for the
modulation of mRNA turnover has not been
obtained (27, 83). It is possible that the mech-
anisms by which the IRPs regulate the fate of
mRNAs bearing single (DMT1, human cell di-
vision cycle 14A) versus multiple (TfR1) IRE
motifs in their 3"UTRs differ from each other
(73).

The positive effect of the IRPs on DMT1
expression has been proposed to serve the co-
ordination of apical iron uptake with the hu-
moral (hepcidin-mediated) regulation of ba-
solateral iron export (17). According to this
model, DMT1 regulation is responsive to the
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hepcidin-mediated control of iron efflux from
enterocytes: The negative control of FPN1 by
hepcidin would increase intracellular iron, re-
duce IRP activity, and decrease DMT'1 expres-
sion. If correct, this model could explain why in-
testinal DMT'1 is inappropriately high in HFE-
associated HH (16, 100) that is characterized
by low hepatic hepcidin expression (24). Con-
sistent with this model, absorptive enterocytes
are relatively iron-deficient in HH (56), and in-
testinal IRP activity has been reported to be
elevated in HH patients (67, 71) and HFE-
knockout mice (50). Because DMT'1 is involved
in iron loading of HFE-knockout mice (47), it
would be interesting to test whether the positive
regulation of DMT1 expression by the IRPs
contributes to the HH phenotype, although no
conclusive association between HH and poly-
morphisms in the Acol and Ireb2 genes have
been identified so far (45).

Hepcidin-mediated control of FPNI lev-
els is viewed to represent the major regula-
tory pathway that controls cellular iron ef-
flux and that is defective in all forms of HH
(66). Notably, the FPN1 mRNA bears a func-
tional IRE motif in its 5UTR, which me-
diates IRP-dependent translational control in
cultured cells (52). However, intestinal FPN1
expression appears not to be modulated in re-
sponse to luminal iron loading, in spite of re-
duced IRP activity and the expected ferritin
upregulation (20). Does this mean that in-
testinal FPN1 mRNA escapes the translational
regulation by the IRPs in vivo? The simultane-
ous ablation of both IRPs in the mouse intestine
causes a marked increase in FPN1 expression,
although the hepatic expression of hepcidin
mRNA is even increased (23). This result shows
that the IRPs are as critical as hepcidin to
secure physiological FPNI1 expression in the
intestine. Knockin mouse models expressing
FPNI mutants that lack a functional IRE or
that escape regulation by hepcidin may help to
determine the contribution of the two regula-
tory pathways to the control of iron efflux from
enterocytes.

Both ferritin H- and L-chains are expressed
in the gut, and iron sequestration into mucosal
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ferritin could in principle affect intestinal iron
absorption. Both ferritin subunits are posttran-
scriptionally upregulated in IRP deficiency (22,
23, 44) or following IRP inhibition by intralu-
minal iron loading (20). However, the ability
of intestinal ferritin to alter iron absorption re-
mains controversial (22, 76); transgenic overex-
pression of ferritin H-subunits in the intestinal
mucosa could help to define the role of ferritin
in this tissue.

Iron Recycling

The major source of serum iron does not
come from absorption but rather from in-
ternal recycling: the recovery of iron from
damaged or senescent erythrocytes. Recycling
takes place in the reticulo-endothelial system
(RES), consisting of specialized macrophages
present mainly in the spleen, the liver (Kupf-
fer cells), and the bone marrow. Macrophages
of the RES phagocytose and lyse effete ery-
throcytes. Heme is then catabolized by heme
oxygenase 1 (69) to liberate inorganic iron.
Although quantitatively the most prominent,
erythrophagocytosis is not the only way by
which macrophages acquire iron. CD163 is
present on the surface of monocytes and
macrophages and scavenges hemoglobin, which
is derived from intravascular hemolysis, by en-
docytosis of the haptoglobin-hemoglobin com-
plexes (42). Macrophages also express LDL
receptor—related protein/CD91, the receptor
for the heme-hemopexin complex (35), and
they can acquire iron from transferrin via
TtR1. The physiological importance of these
different iron acquisition routes remains to
be fully defined. The intracellular trafficking
of erythrophagocytosis-derived iron involves
Nrampl and DMT1, but the mechanisms re-
main controversial. Iron that is not used for
metabolic purposes can be stored in ferritin.
The RES represents a major iron storage com-
partment, and the ferritin H- and L-chain
mRNAs are among the most abundant mRNAs
in monocyte-derived macrophages (37). Al-
though the extent of erythrophagocytosis and
the sequestration of iron within ferritin can
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influence iron recycling by the RES, iron re-
lease appears to be a limiting step that positively
correlates with the bone marrow requirements
(37). Cells of the RES can also release iron in
the form of hemoglobin, heme, or ferritin (37).
However, targeted mutagenesis of the murine
Sle40al locus shows that FPN1 is the major
conduit of iron release (14); it requires the fer-
roxidase ceruloplasmin (30).

Iron loading or chelation regulate the IRPs
in cultured primary macrophages and cell lines.
Both ferritin and FPNI1 are upregulated in
J774 cells (38) and in bone marrow—derived
macrophages (BMDM) (13) following ery-
throphagocytosis. Although such a response
would be compatible with IRP-dependent
translational control, the FPN1 upregulation
appears to occur at the transcriptional level in
these experimental settings (13, 38). Although
no overt macrophage abnormality has been re-
portedin IRP1-deficient mice (59), Ireb2~/~ an-
imals display an unexpected iron deficiency in
spleen and bone marrow macrophages, asso-
ciated with reduced expression of FPN1 and
of the ferritin H- and L-chains (22). The un-
derlying mechanism remains to be identified,
but these changes are unlikely to represent a
direct consequence of IRP deficiency in RES
cells: Mice with selective ablation of IRP2 in
macrophages in which the LysosymeM promoter
is active do not display these features, indicat-
ing that the phenotype is unlikely to be cell
autonomous (D. Ferring, M.W. Hentze, & B.
Galy, in preparation); in addition, BMIDM lack-
ing both IRP1 and IRP2 upregulate ferritin and
FPNI as predicted by an orthodox translational
inhibition mechanism (B. Galy, D. Ferring, &
M.W. Hentze, unpublished observations).

The consequences of abnormalities of iron
recycling are best illustrated by two pathologi-
cal conditions with opposite clinical outcomes.
Patients with chronic inflammatory or autoim-
mune disorders frequently present with hypo-
ferremia and develop the so-called anemia of
chronic disease (ACD). ACD can be caused by
iron retention, notably in the RES. Ferritin
induction by inflammatory stimuli was long
thought to impair iron recycling by diverting

it into storage (40), which could be explained,
at least in part, by reduced IRP activity in re-
sponse to inflammatory signals (36, 72). In con-
trast to ACD, HH is characterized by relatively
low macrophage iron levels until late in the dis-
ease. This condition is accompanied by high
macrophage IRP activity (3, 71, 72). It has been
suggested to be due to impaired TfR1-mediated
iron uptake (60).

It now appears that the primary iron-
recycling defect in ACD and HH affects the
export of iron from the RES. In ACD, hepatic
hepcidin production is increased, resulting in
inhibition of FPN1-mediated iron efflux. Con-
versely, the inappropriately low hepcidin lev-
els in HH patients and HFE-deficient mice fail
to limit FPN1-mediated iron export in spite
of systemic iron loading (24). This defect can
be corrected by transgenic overexpression of
hepcidin (62, 88). This result does not exclude,
however, that IRP feedback on FPN1 synthe-
sis may contribute to the control of iron ef-
flux, although synthetic hepcidin fully overrides
the FPN1 upregulation produced by iron load-
ing of BMDM (12). As discussed above, ge-
netic models that separate the IRP- from the
hepcidin-dependent control of FPN1 expres-
sion may help to determine the actual contri-
butions of the two regulatory pathways to con-
trolling iron efflux from the RES.

THE IRE/IRP REGULATORY
NETWORK IN IRON STORAGE
AND RELEASE

In addition to iron recycling and absorption, the
storage and potential release of (excess) iron are
critical determinants of circulating iron levels.
Under physiological conditions, approximately
20% (0.5 to 1 g) of the body’s total iron content
is stocked in the storage compartment, and only
1 to 2 mg of iron are lost each day. The iron
stores become depleted when iron absorption
does not meet the body’s needs or in cases of
excessive iron loss (e.g., bleeding, pregnancy);
conversely, tissue iron overload occurs when in-
testinal iron absorption surpasses iron utiliza-
tion and loss.
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Iron Storage

Iron is mainly stored in macrophages of the
RES and in hepatocytes. The liver (mostly hep-
atocytes) accounts for approximately 8% of
plasma iron turnover. It has a high iron-storage
capacity, and liver damage ensues normally only
when hepatic iron levels are grossly (about ten-
fold) elevated (24). Iron accumulates mostly in
the periportal regions with a decreasing gradi-
ent toward the centrilobular areas.

The liver is equipped with a complex ar-
ray of molecules that affect iron metabolism.
It expresses both IRP1 and IRP2 and most of
the known IRP target genes (Figure 2). Both
IRPs respond to dietary iron manipulation (7),
although IRP2 seems to respond more strongly
than IRPI, at least in the mouse (59). The
liver is also the site of transferrin and ceru-
loplasmin synthesis and release; importantly,
it expresses the iron hormone hepcidin and
molecules that sense environmental cues (HFE,
TtR2, hemojuvelin, etc.) to adjust its synthe-
sis. The role of the IRE/IRP system in the
regulation of hepcidin synthesis is discussed
below.

Hepatocytes acquire iron by different means
(Figure 4). Two receptors, TfR1 and TfR2,
can bind diferric transferrin. TfR1 is encoded
by an mRNA bearing five IRE motifs in its
3'UTR and is positively regulated by the IRPs.
Although essential in erythroid cells, TfR1 is
dispensable for fetal liver iron accumulation, as
shown by the hepatic iron overload of TfRC~/~
mice (46). Unlike TfR1, the TfR2 mRNA is
not a direct target of the IRPs. Its affinity for
diferric transferrin is 25-30 times lower than
that of TfR1, and its direct contribution to
liver iron uptake of transferrin-bound iron is
likely to be minor. TfR2 appears to function
mostly as a sensor of the saturation of transfer-
rin with iron to adjust hepcidin expression (see
below). Although TfR1-mediated iron uptake
is important under normal conditions, hepatic
iron overload in patients or in mice with atrans-
ferrinemia shows that liver cells can acquire
iron independently of the transferrin cycle (1).
Non-transferrin-bound iron (N'TBI) builds up
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when the serum iron levels exceed the iron-
binding capacity of transferrin (e.g., in atrans-
ferrinemia, patients with HH or transfusional
iron overload). The liver is the major site of
NTBI clearance, but the underlying mecha-
nisms are still incompletely understood. DMT'1
has been proposed to transport NTBI into hep-
atocytes (80). However, the iron-transport ac-
tivity of DMT1 is weak at neutral pH, and
targeted mutagenesis of the Sklla2 locus in
the mouse revealed that DMT1 is dispensable
for liver iron accumulation, at least during fe-
tal life (28). Tissue-specific ablation of DMT1
in hepatocytes could help to define the pre-
cise role of DMTT in adult liver iron uptake.
ZIP14/SLC39A14, originally described as a
zinc transporter, is also an interesting candidate
for hepatocellular NTBI uptake (49), but its
role in liver iron loading has not yet been ascer-
tained in vivo. The liver can also take up other
forms of iron, such as hemoglobin/haptoglobin
and heme/hemopexin complexes, ferritin, and
lactoferrin (26). Eighty percent of the iron that
enters the liver is stored in ferritin and can
eventually be mobilized; in conditions of iron
overload, hepatocellular iron is also stored in
hemosiderin.

In addition to IRP-mediated translational
control, hepatic ferritin expression can be reg-
ulated at the transcriptional (95) and post-
translational (87) levels. Hepatocytes can ex-
portiron via FPN1 (14) in conjunction with the
ferroxidase ceruloplasmin (30). The IRE/IRP
system can potentially influence hepatocellu-
lar iron fluxes by modulating the expression of
at least TfR1, ferritin, and FPN1 (Figure 2).
ABCB7-deficient mice, a model of human X-
linked sideroblastic anemia, display liver iron
overload with inappropriately high TfR1 ex-
pression (68). ABCB7 is a mitochondrial pro-
tein required for Fe-S cluster biogenesis. In
the liver, IRP1 usually prevails in its aconi-
tase form, but the impaired Fe-S cluster causes
massive IRP1 activation in ABCB7-deficient
mice. The high TfR1 levels may well result
from the stabilization of TfR1 mRNA by acti-
vated IRP1 (68). Nonetheless, the importance
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of IRP1 and TfR1-mediated iron uptake for
liver iron loading in ABCB7-deficient mice has
not yet been assessed directly.

IRP2-deficient mice display hepatic TfR1
downregulation (81) and ferritin upregulation
associated with iron loading (22); no FPN1 mis-
regulation was reported. Hepatic iron accumu-
lation in Ireb2~/~ mice could be plausibly ex-
plained by partial diversion of hepatocellular
iron fluxes toward ferritin, whose quantity is ab-
normally augmented by the absence of the IRP2
translational repressor (22). As in other organs
and cells, the hepatic phenotype of Ireb2~/~
mice is relatively mild, likely due to functional
substitution by IRP1. Acol*/~, Ireb2~/~ ani-
mals display a slightly stronger phenotype than
Acol™'*, Ireb2~/~ mice (81). The combined ab-
lation of both IRPs in the liver using (condi-
tional) Cre/Lox technology offers an approach
to better define the role of the IRE/IRP regu-
latory network in the control of hepatocellular
iron fluxes.

Iron Loss and Excretion

Physiologically, iron is released from the body
by sloughing of mucosal cells, desquamation of
skin cells, blood loss, and urinary excretion. In
principle, the IRPs could influence the quantity
of iron that exits the body, e.g., by modulating
the amount of metal retained in sloughing mu-
cosal cells.

An interesting question that has hardly been
explored so far is the potential role of the IRPs
in urinary iron excretion (Figure 4). The kid-
ney has been suggested to play a significant
role in iron metabolism by filtration and re-
absorption of iron (94). In the rat, iron re-
absorption occurs in the thick ascending loop
of Henle and in cortical collecting ducts (94).
An increase of transferrin in the urine of pa-
tients suffering from deficient tubular protein
reabsorption (63) indicates that Tf is present
in the glomerular filtrate. Kidney cells are able
to take up transferrin-bound iron via TfR1 and
by megalin-dependent, cubilin-mediated endo-

cytosis (41). Unlike TfR1, megalin and cubilin
are not IRP targets. The kidney also expresses
the IRE-containing variants of DMT1 mRNA
(5). Renal DM'T'1 expression is concentrated in
the kidney cortex, which could possibly reflect
a role in the reabsorption of luminal iron. Re-
nal DMTT1 expression is responsive to dietary
iron intake: It is increased in animals receiv-
ing a low-iron diet and conversely reduced by
an iron-rich regimen (5, 93). In the rat, this is
associated with changes in urinary iron excre-
tion and an inverse relationship between renal
DMT1 levels and urine iron levels (93). These
data are consistent with a role of DMT1 in
iron reabsorption. However, treatment of mice
suffering from primary or secondary iron over-
load with nifedipine, an L-type calcium channel
blocker that augments DMT1-mediated iron
transport, was recently shown to enhance uri-
nary iron excretion and to diminish the iron
overload (51). This apparent discrepancy re-
mains to be resolved, and a better understand-
ing of DMT1 function in the kidney is needed
to assess whether nifedipine treatment could
benefit patients with iron overload.

The ferritin H- and L-chains are also ex-
pressed in the kidney. IRP1- or IRP2-deficient
mice show increased renal ferritin expression
(59, 99), but the importance of IRP-mediated
control in renal and systemic iron metabolism
is unknown and possibly masked by functional
redundancies between the two IRPs. Trans-
genic overexpression of the ferritin-H chain
in the mouse kidney locally alters renal iron
metabolism but has no detectable effect on sys-
temic iron availability (96). The FPN1 mRNA
is also expressed in the kidney (9), but the dis-
tribution of the protein and its importance for
renal iron metabolism have not been deter-
mined yet. To date, the renal IRE/IRP system
remains poorly characterized. Given the poten-
tial of pharmacological modulation of DMT1
function for iron excretion (51), it will be of in-
terest to better define how the IRPs control the
expression of their target genes in the kidney
and how this could affect renal iron excretion.
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CROSS TALK BETWEEN

THE IRE/IRP REGULATORY
NETWORK AND THE HEPCIDIN/
FERROPORTIN SYSTEM

Understanding the functional interconnections
between hepcidin and the IRE/IRP system rep-
resents an important challenge to fully compre-
hend systemic iron homeostasis.

Role of the IRPs in the Regulation
of Hepatic Hepcidin Expression

Hepcidin expression is predominantly regu-
lated at the transcriptional level (48). The
“hemochromatosis proteins” HFE, TfR2, and
hemojuvelin stimulate hepcidin expression (24).
These HH proteins and their connected sig-
naling pathways appear not to be regulated di-
rectly by the IRPs. However, HFE, the pro-
tein most frequently affected in HH, competes
with transferrin for binding to TfR1 (2). Ac-
cording to a current model, HFE dissociates
from TfR1 when the transferrin saturation is
high. It then binds to TfR2 and activates a sig-
naling pathway to the nucleus that augments
hepcidin transcription (25). The expression of
TfR1 and TfR2 on the surface of hepatocytes
may thus affect the equilibrium of HFE bind-
ing to the endocytic (TfR1) versus the signal-
ing (TfR2) receptor. Because TfR1 expression
is regulated by the IRPs, it is conceivable that
they may indirectly adjust hepcidin expression;
however, hepcidin mRNA expression seems to
be unaffected in mice with IRP1 or IRP2 defi-
ciency. It will be informative to study the effect
of transgenic IRP overexpression in the liver on
hepcidin expression.

Additionally, IRPs may fine-tune hepcidin
gene transcription in response to iron defi-
ciency and/or hypoxia. As described above,
HIF2alpha mRNA translation is controlled
by the IRPs (74). Recent work suggests that
HIF2alpha may regulate hepcidin transcription
during iron deficiency and hypoxia (65). The
physiological consequences of such a regulatory
circuit remain to be explored.
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IRPs and the Response to Hepcidin

The hepcidin regulatory system and the
IRE/IRP network converge on the regulation
of FPNI. As demonstrated recently, intesti-
nal IRP activity is required to limit duodenal
FPNT1 expression, directly demonstrating that
the IRPs control FPN1 expression in intestinal
enterocytes (23). Intestinal FPN1 levels are also
thought to be controlled posttranslationally by
hepcidin (61). Thus, FPN1 expression at the ba-
solateral surface of enterocytes appears to be de-
termined by at least two regulatory inputs, one
reflecting systemic iron requirements (commu-
nicated by hepcidin) and the other responding
to the amount of iron available within the in-
testinal enterocyte (mediated by the IRPs).

In principle, similar mechanisms may apply
to other cell types in which FPNT1 is expressed,
like macrophages and hepatocytes. However,
the role of the IRPs in regulating FPN1 expres-
sion in these cell types requires further investi-
gation by analysis of mouse lines with combined
selective IRP1 and IRP2 deficiency.

PERSPECTIVE

During the past 20 years, the IRE/IRP regula-
tory network emerged as the central system for
the control of cellular iron homeostasis. Since
the beginning of this century, the understand-
ing of systemic iron homeostasis and its dis-
orders has rapidly progressed, and regulation
by the hepcidin/ferroportin system can now
explain key features of systemic iron balance.
Most recently, the influence of the IRE/IRP
network on systemic iron parameters has be-
come apparent. By contrast to the action of
hepcidin that acts as a hormone, the IRE/IRP
network appears to exert (many of) its effects
on “systemic” iron parameters such as organ
iron loading or erythropoiesis by “local,” cell-
or organ-autonomous interventions. The reg-
ulation of the iron exporter FPN1 by both
IRE/IRP and hepcidin defines a first point
of connectivity between the two regulatory
systems.
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From the viewpoint of the IRE/IRP net-
work, the systems biology of iron metabolism
now faces three challenges. First, the complete
set of regulatory targets must be identified.
Whereas it is conceivable that FPNI may
represent the only physiologically relevant
target of hepcidin (an assumption that should
presently not be considered an established
fact), recent findings show that more than the
“traditional” set of IRE-containing mRNAs
is regulated by the IRPs. New regulatory
targets may unveil additional functions of
the IRE/IRP network and further our under-

standing of systemic iron regulation. Second,
IRP-mediated control is largely exerted “lo-
cally” in cells and tissues. Very little is known
about the role of local iron mismanagement
in numerous inflammatory or degenerative
disorders. The availability of conditional
IRP knockout mouse strains should help to
explore this territory. Third, the intercon-
nectivities between IRE/IRP- and hepcidin-
mediated controls must be defined beyond
FPNI. In this regard, liver iron metabolism
in particular still  hide

may interesting

secrets.
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Figure 1

Systemic iron homeostasis. Major body iron fluxes and important regulatory effects are represented.
Dietary iron is absorbed by duodenal enterocytes. It circulates bound to transferrin in the plasma and is
mainly used for the hemoglobinization of newly synthesized red blood cells. Most body iron is recycled
by macrophages that phagocytose effete erythrocytes and degrade their heme moiety to reload iron
onto circulating apo-transferrin. Excess iron is stored within ferritin in the liver. Hepcidin controls the
transferrin iron saturation by inhibiting iron efflux mainly from duodenal enterocytes and macrophages
but also from hepatocytes. Its synthesis is positively regulated by the iron stores and negatively regulat-
ed by erythropoietic activity.
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Figure 2

!

The iron-responsive element/iron-regulatory protein (IRE/IRP) regulatory network. IRPs-1 and -2
interact with IREs to coordinate the expression of proteins involved in iron uptake, export, and storage,
as well as in erythroid proliferation and hemoglobinization, the tricarboxylic acid (TCA) cycle, and cell
cycle control. IRP binding to single IREs located in 5untranslated regions (UTRs) inhibits translation,
whereas IRP binding to the multiple 3'UTR IREs of the transferrin receptor 1 (TfR1) mRNA increases
its stability. Cellular iron loading switches IRP1 from its IRE-binding form to an Fe-S cluster contain-
ing cytoplasmic aconitase and triggers proteasomal degradation of IRP2. Low iron levels promote accu-
mulation of active IRP1 in its apo form and stabilize IRP2. eALAS, erythroid 5-aminolevulinate syn-
thase; CDCl14a, human cell division cycle 14A; DMT1, divalent metal transporter 1; HIF2 alpha,
hypoxia inducible-factor 2 alpha.
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Figure 3

The iron-responsive element/iron-regulatory protein (IRE/IRP) regulatory network in erythropoiesis.
Erythroid precursors in the bone marrow acquire iron via transferrin receptor 1 (TfR1)-dependent
endocytosis of diferric transferrin. Iron is exported out of endosomes via DMT-1 to contribute to the
cytoplasmic labile iron pool (LIP). Alternatively, iron may also be delivered to the mitochondria by
direct contact with the endosomes. Iron that is not stored in ferritin within the cytoplasm is available
for Fe-S cluster biogenesis and heme synthesis in the mitochondria. In addition to TfR1, divalent metal
transporter 1 (DMT1), and ferritin, IRPs control the expression of erythroid 5-aminolevulinate syn-
thase (eALAS), the first and rate-limiting enzyme in the heme biosynthetic pathway. IRP activity is
modulated by the LIP (IRP1 + IRP2) and by Fe-S cluster biogenesis (IRP1). In the kidney, IRPs con-
trol the synthesis of hypoxia-inducible factor 2 alpha (HIF2a), the transcription factor that regulates
erythropoietin (EPO) production. EPO then stimulates erythropoiesis. IRPs are thus implicated in the
coordination of erythropoiesis and iron availability at two levels: by HIF2a-dependent modulation of
EPO levels in the kidney and by controlling iron acquisition and heme synthesis in erythroid cells.
GrxS5, glutaredoxin 5.
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Figure 4

Control of body iron fluxes by the iron-responsive element/iron-regulatory protein IRE/IRP) system. IRPs influence the trans-
ferrin iron saturation in the plasma by controlling the expression of specific iron management proteins that are critical for the
absorption of dietary iron by duodenal enterocytes (I), iron recycling by tissue macrophages (2), iron storage in hepatocytes (3),
and potentially iron excretion by the kidney (). Within each tissue, IRP activity is modulated by the size of the labile iron pool
(LIP) that is determined by the extent of iron uptake, utilization, storage in ferritin, and export. In enterocyte precursors that
take up circulating transferrin-bound iron via transferrin receptor (TfR) 1, the size of the LIP may reflect the body iron status
and modulate IRP activity accordingly; this has been proposed to “program” the dietary iron absorption machinery of daughter
cells in an IRP-dependent manner. Red arrows refer to the hepcidin regulatory system. Hepcidin acts systemically by triggering
ferroportin degradation in target tissues, while IRPs act locally by inhibiting ferroportin translation. Both regulatory systems are
important to secure physiological ferroportin levels. Cellular iron utilization pathways are symbolized by a mitochondrium. CP,
carrier protein; DMT, divalent metal transporter; deytb, duodenal cytochrome b; HFE, hemochromatosis; HO, heme oxyge-
nase; RBC, red blood cell.

C-4  Muckenthaler o Galy o Hentze



Annu. Rev. Nutr. 2008.28:197-213. Downloaded from www.annualreviews.org
by Rowan University on 01/04/12. For personal use only.

Contents

"Translating Nutrition Science into Policy as Witness and Actor

Trwin H. Rosenberg ... 1
The Efficiency of Cellular Energy Transduction and Its Implications

for Obesity

Mary-Ellen Harper, Katherine Green, and Martin D. Brand ............................. 13
Sugar Absorption in the Intestine: The Role of GLUT2

George L. Kellett, Edith Brot-Laroche, Oliver J. Mace, and Armelle Leturque ........... 35

Cystic Fibrosis and Nutrition: Linking Phospholipids and Essential
Fatty Acids with Thiol Metabolism
Sheila M. Innis and A. George F. Davidson ..........................cccccciiii. 55

The Emerging Functions and Mechanisms of Mammalian Fatty
Acid-Binding Proteins

Fudith Storch and Betina Corsico ...t 73
Where Does Fetal and Embryonic Cholesterol Originate

and What Does It Do?

Laura A. Woollett ... ... ..o 97

Nicotinic Acid, Nicotinamide, and Nicotinamide Riboside:
A Molecular Evaluation of NAD++ Precursor Vitamins
in Human Nutrition
Katrina L. Bogan and Charles Bremmer ..., 115

Dietary Protein and Bone Health: Roles of Amino Acid—Sensing
Receptors in the Control of Calcium Metabolism and Bone

Homeostasis
A.D. Conigrave, E.M. Brown, and R. Rizzoli ...............................ccc. 131

Nutrigenomics and Selenium: Gene Expression Patterns, Physiological
Targets, and Genetics

Jobm Hesketh ... .. 157
Regulation of Intestinal Calcium Transport
Ramesh C. Khanal and Ilka Nemere ..........................ccccciiiiiiiiii, 179

Systemic Iron Homeostasis and the Iron-Responsive
Element/Iron-Regulatory Protein (IRE/IRP) Regulatory Network
Martina U. Muckentbaler; Bruno Galy, and Matthias W. Hentze ...................... 197

R
Annual Review of

Nutrition

Volume 28, 2008



Annu. Rev. Nutr. 2008.28:197-213. Downloaded from www.annualreviews.org
by Rowan University on 01/04/12. For personal use only.

vi

Eukaryotic-Microbiota Crosstalk: Potential Mechanisms for Health
Benefits of Prebiotics and Probiotics

Norman G. Hord ................. i 215
Insulin Signaling in the Pancreatic 3-Cell

Ingo B. Leibiger, Barbara Leibiger; and Per-Olof Berggren ............................... 233
Malonyl-CoA, a Key Signaling Molecule in Mammalian Cells

David Saggerson .......... ... 253
Methionine Metabolism and Liver Disease

Fosé M. Mato, M. Luz Martinez-Chantar, and Shelly C. Lu ............................ 273
Regulation of Food Intake Through Hypothalamic Signaling

Networks Involving mTOR

Stephen C. Woods, Randy §. Seeley, and Daniela Cota .................................... 295

Nutrition and Mutagenesis
Lynnette R. Ferguson and Martin Philpott ...........................cccciiiiii. 313

Complex Genetics of Obesity in Mouse Models
Daniel Pomp, Derrick Nebrenberg, and Daria Estrada-Smith .......................... 331

Dietary Manipulation of Histone Structure and Function
Barbara Delage and Roderick H. Dashwood .............................ccci, 347

Nutritional Implications of Genetic Taste Variation: The Role of
PROP Sensitivity and Other Taste Receptors

Beverley J. Tepper ........oooiii i 367
Protein and Amino Acid Metabolism in the Human Newborn

Satish C. Kalban and Dennis M. Bier .......................c.cciiiiiii, 389
Achieving a Healthy Weight Gain During Pregnancy

Christine M. Olsom ......... ... ... 411
Age-Related Changes in Nutrient Utilization by Companion Animals

George C. Fabey 7r., Katbleen A. Barry, and Kelly S. Swanson .......................... 425
Bioethical Considerations for Human Nutrigenomics

Manuela M. Bergmann, Ulf Gorman, and Jobn C. Mathers ............................ 447
Indexes
Cumulative Index of Contributing Authors, Volumes 24-28 ........................... 469
Cumulative Index of Chapter Titles, Volumes 24-28 .................................... 472
Errata

An online log of corrections to Annual Review of Nutrition articles may be found at
http://nutr.annualreviews.org/errata.shtml

Contents



	Annual Reviews Online
	Search Annual Reviews
	Annual Review of Nutrition
Online
	Most Downloaded Nutrition
Reviews
	Most Cited Nutrition
Reviews
	Annual Review of Nutrition
Errata
	View Current Editorial Committee

	All Articles in the Annual Review of Nutrition, Vol. 28

	Translating Nutrition Science into Policy as Witness and Actor
	The Efficiency of Cellular Energy Transduction and Its Implications for Obesity
	Sugar Absorption in the Intestine: The Role of GLUT2

	Cystic Fibrosis and Nutrition: Linking Phospholipids and Essential Fatty Acids with Thiol Metabolism

	The Emerging Functions and Mechanisms of Mammalian Fatty Acid–Binding Proteins
	Where Does Fetal and Embryonic Cholesterol Originate and What Does It Do?
	Nicotinic Acid, Nicotinamide, and Nicotinamide Riboside: A Molecular Evaluation of NAD+ Precursor Vitamins in Human Nutrition

	Dietary Protein and Bone Health: Roles of Amino Acid–Sensing Receptors in the Control of Calcium Metabolism and Bone Homeostasis
	Nutrigenomics and Selenium: Gene Expression Patterns, Physiological Targets, and Genetics
	Regulation of Intestinal Calcium Transport
	Systemic Iron Homeostasis and the Iron-Responsive Element/Iron-Regulatory Protein (IRE/IRP) Regulatory Network
	Eukaryotic-Microbiota Crosstalk: Potential Mechanisms for Health Benefits of Prebiotics and Probiotics
	Insulin
Signaling in the Pancreatic β-Cell
	Malonyl-CoA, a Key Signaling Molecule in Mammalian Cells
	Methionine Metabolism and Liver Disease
	Regulation of Food Intake Through Hypothalamic Signaling Networks Involving mTOR
	Nutrition and Mutagenesis
	Complex Genetics of Obesity in Mouse Models
	Dietary Manipulation of Histone Structure and Function
	Nutritional Implications of Genetic Taste Variation: The Role of PROP Sensitivity and Other Taste Phenotypes
	Protein and Amino Acid Metabolism in the Human Newborn
	Achieving a Healthy Weight Gain During Pregnancy
	Age-Related Changes in Nutrient Utilization by Companion Animals
	Bioethical Considerations for Human Nutrigenomics




