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ABSTRACT

Iron is essential for most living organisms but iron excess can
be toxic. Cellular and systemic iron balance is therefore tightly
controlled. Iron homeostasis is dysregulated in chronic kidney
disease (CKD) and contributes to the anemia that is prevalent
in this patient population. Iron supplementation is one cor-
nerstone of anemia management in CKD patients, but has not
been rigorously studied in large prospective randomized con-
trolled trials. This review highlights important advances from
genetic studies and animal models that have provided key in-
sights into the molecular mechanisms governing iron homeo-
stasis and its disturbance in CKD, and summarizes how these
findings may yield advances in the care of this patient popu-
lation.
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SYSTEMIC IRON BALANCE

As a transition metal that can donate and accept electrons,
iron has a critical role in fundamental biological processes in-
cluding oxygen and electron transport, cellular respiration and
DNA synthesis. However, excess iron can lead to the pro-
duction of toxic free radicals and cell death. Disturbances of
iron homeostasis lead to many common diseases such as
anemia and the iron overload disorder hemochromatosis that
in aggregate affect over 1 billion people worldwide [1]. Iron is
therefore tightly controlled via a network of proteins involved
in the import, storage, export and transport of iron, at both
cellular and systemic levels.

Humans have a daily requirement of ∼25 mg of iron,
nearly 80% of which is used for erythropoiesis [1]. A small
fraction of this iron is provided by dietary absorption (∼1–2
mg), while the majority is provided by recycling iron from se-
nescent erythrocytes via macrophages in liver, spleen and
bone marrow. The circulating pool of iron contains only
∼10% (∼3 mg) of the daily requirement for erythropoiesis,
and therefore must be turned over every 2–3 h. Iron loss is an
unregulated process that occurs primarily through cell shed-
ding and blood loss (Figure 1).

DIETARY IRON ABSORPTION

Dietary iron absorption occurs primarily in the duodenum
(Figure 2). Dietary iron exists in both heme and non-heme
forms, but the molecular mechanisms underlying heme ab-
sorption are poorly understood. The liberation of non-heme
iron from food and its solubilization is aided by the acidic pH
of the stomach [2]. Soluble iron is reduced from the ferric (Fe3
+) to the ferrous form (Fe2+) in a process that is thought to
involve ferrireductases located on the intestinal apical cell
membrane and ascorbic acid [3]. One candidate ferrireductase
is DCYTB [3], but Dcytb null mice do not appear to have a sig-
nificant iron phenotype suggesting that additional ferrireduc-
tases may play a redundant role in iron reduction [4]. Ferrous
iron is then transported across the apical surface of the duode-
nal enterocyte via divalent metal transporter 1 (DMT1),
mutations of which lead to iron deficiency anemia [5–7]. A
H+/Fe2+ symporter, DMT1-mediated iron uptake is also aided
by an acidic microenvironment [6]. Although the mechanism
of heme uptake by the enterocyte remains obscure, it has been
suggested that subsequent intracellular metabolism by heme
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oxygenase 1 releases iron into a common pathway shared with
non-heme iron [8].

Once taken up into duodenal enterocytes, iron is either uti-
lized by the cell, stored or exported across the basolateral
membrane into circulation for systemic use. Iron is stored in
an inactive Fe3+ form in ferritin, a multimeric protein com-
prising 24 light and heavy chain subunits surrounding a core
of up to 4500 iron atoms [1]. In the absence of export across
the basolateral membrane, this stored iron is lost as entero-
cytes are sloughed off into the gut lumen every few days.

Iron export across the enterocyte basolateral membrane
into circulation is mediated by ferroportin. Importantly, ferro-
portin is also expressed in iron recycling macrophages and
hepatocytes, and is the only known mammalian iron export
protein responsible for iron entry into the bloodstream [9–11].
Iron export by ferroportin is coupled with ferroxidases includ-
ing hephaestin in the intestine and ceruloplasmin that convert

Fe2+ back to Fe3+ and facilitate iron loading onto the plasma
iron carrying protein transferrin (Tf [12–15]).

THE HEPCIDIN–FERROPORTIN AXIS
REGULATES SYSTEMIC IRON BALANCE

Ferroportin and its ligand hepcidin are key regulators of sys-
temic iron balance, coordinating communication between
tissues and cells that acquire, store and utilize iron. Discovered
in 2000–01, hepcidin is a 25 amino acid peptide hormone pri-
marily secreted by the liver that resembles other proteins in-
volved in innate immunity [16–18]. Hepcidin was soon
recognized to have an important role in iron homeostasis
regulation since hepcidin null mice and human patients with
hepcidin mutations develop a severe juvenile-onset form of
hemochromatosis [19–21]. In contrast, hepcidin transgenic
mice and human patients with hepcidin-expressing adenomas
develop profound iron deficiency anemia [22, 23]. In 2004, it
was demonstrated that ferroportin was the receptor for hepci-
din, and that hepcidin binding caused ferroportin to be inter-
nalized and degraded [24]. The hepcidin–ferroportin axis
therefore controls iron entry into circulation from dietary

F IGURE 2 : Enterocyte iron uptake. Dietary iron absorption occurs
via the reduction of ferric (Fe3+) iron to ferrous (Fe2+) iron by ferrire-
ductases such as DCYTB. Ferrous iron is then transported across the
apical membrane of duodenal enterocytes by the symporter DMT1.
Heme is also an important source of dietary iron, although the mech-
anism for heme uptake is unclear. Heme oxygenase 1 (HO1) is
thought to facilitate the degradation of heme into iron, biliverdin and
carbon monoxide. Cytoplasmic iron can be stored by the ferritin
complex, utilized by various molecular enzymes or exported into the
bloodstream by ferroportin (FPN). The multicopper ferroxidase he-
phaestin (HEPH) works in conjunction with ferroportin to facilitate
iron export coupled with oxidization of Fe2+ to Fe3+ and loading onto
Tf.

F IGURE 1 : Systemic iron regulation. Iron is absorbed by the duode-
num where it is released into the circulation via the iron exporter fer-
roportin to be loaded onto transferrin (Tf). The majority of iron is
utilized by red blood cells (RBCs) for the synthesis of the hemoglobin,
requiring ∼25 mg of iron per day. The daily requirements for intesti-
nal iron uptake are only 1–2 mg per day due to efficient recycling of
iron from RBCs. Iron recycling is performed primarily by reticuloen-
dothelial macrophages which phagocytize senescent RBCs and then
export iron via ferroportin back into the circulating pool of Tf-bound
iron. Excess iron is also stored within hepatocytes. Hepcidin regulates
systemic iron balance by inducing ferroportin degradation to inhibit
iron absorption from the duodenum and iron release from macro-
phage and hepatocyte stores. Hepcidin production in the liver is
stimulated by iron and inflammation to limit iron availability, while
hepcidin production is inhibited by iron deficiency, anemia and
hypoxia to increase iron availability. Several other growth factors and
steroid hormones have recently been demonstrated to suppress hepci-
din expression in the liver, including EGF, HGF, testosterone and
estrogen.
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sources, iron recycling macrophages and hepatocyte stores
(Figure 1).

Although the hepcidin–ferroportin axis has a central role in
regulating body iron balance, there are many additional levels
of regulation. For example, the enterocyte exerts local control
over iron absorption through the regulation of proteins in-
volved in iron transport (DMT1 and ferroportin) and seques-
tration (ferritin) via both transcriptional and post-
transcriptional mechanisms involving hypoxia inducible
factors (particularly HIF-2α) and iron regulatory proteins (re-
viewed in ref. [25]).

HEPCIDIN REGULATION

Hepcidin expression in the liver is regulated by a number of
factors (Figure 1). Iron increases hepcidin expression as a
homeostatic mechanism to limit further iron entry into the
bloodstream [17, 26, 27]. Inflammation also stimulates hepci-
din expression [17, 26–30], which is hypothesized to function
as a protective mechanism to sequester iron from infectious
organisms. However, in chronic inflammatory states, this
results in macrophage iron sequestration, hypoferremia and
iron restricted erythropoiesis that contributes to anemia of
chronic disease [31]. Iron deficiency, hypoxia and anemia
inhibit hepcidin expression to increase iron availability for ery-
thropoiesis [26]. Recently, several growth factors, steroid hor-
mones and other endocrine signals have also been identified to
have a role in hepcidin regulation [32–36].

Hepcidin regulation by iron

Key insights into the iron-mediated hepcidin regulatory
pathways came from studying the genetic iron overload dis-
order hereditary hemochromatosis. This is a heterogeneous
disorder caused by mutations in any of several genes that ulti-
mately result in impaired regulation of the hepcidin–ferropor-
tin axis, leading to increased dietary iron absorption, increased
iron release from macrophage stores, progressive tissue iron
deposition and consequent multiorgan damage and disease
[37]. Hereditary hemochromatosis can be caused by mutations
in hepcidin itself, mutations in ferroportin that interfere with
hepcidin binding or hepcidin-mediated internalization or
mutations in one of three other genes that are involved in the
iron-mediated regulation of hepcidin expression: hemojuvelin
(HJV, also known as HFE2), HFE and transferrin receptor 2
(TFR2) [37]. Among these genes, HJV has the most critical
role in hepcidin regulation since HJV mutations lead to the
more severe juvenile onset form of hemochromatosis that is
similar to the phenotype seen with mutations in hepcidin itself
[21, 38].

HJV functions as a co-receptor for the bone morphogenetic
protein (BMP)-SMAD signaling pathway [39], which is
central to hepcidin transcriptional regulation in response to
iron [40, 41] (Figure 3). A subfamily of the transforming
growth factor beta (TGF-β) superfamily of signaling mol-
ecules, BMPs have an important role in a number of biologic
functions, particularly during development [42]. Moreover,
there is redundancy in the system with a number of BMP

ligands and several BMP type I and type II receptors that can
lead to the same intracellular SMAD signaling cascade [42].
Nevertheless, HJV mediates a crucial and unique function of
BMP-SMAD signaling in the liver to regulate hepcidin
expression and systemic iron balance, since mice and patients
with HJV mutations have hepcidin deficiency and hemochro-
matosis but no other obvious phenotype [38, 43, 44]. It is
hypothesized that HJV expression sensitizes hepatocytes to
respond to low levels of BMP ligand, which would not other-
wise generate a response in the absence of the co-receptor
[39]. By enhancing the affinity of the binding interaction, HJV
may also help cells to selectively respond to a certain subset of
BMP ligands using a certain subset of BMP type I and type II
receptors that are required to specifically regulate hepcidin in
liver cells, in particular the ligand BMP6 [45–47], the BMP
type I receptors ALK3 and ALK2 [48, 49], and the BMP type
II receptor ACTRIIA [48] (Figure 3).

HJV may also connect the BMP-SMAD signaling response
to molecules involved in iron sensing, but the molecular
mechanisms for this remain to be fully elucidated. It has been
hypothesized that HFE and TFR2 sense circulating iron levels
in the form of iron-bound transferrin, since TFR2 can bind to
transferrin [50, 51] and HFE competes for transferrin binding
to transferrin receptor 1 (TFR1) [52–55] (Figure 3). There is
some evidence from in vitro overexpression systems that HFE,
TFR2 and HJV can interact with each other [56–58], but it is
uncertain whether this occurs in vivo. HFE and TFR2 do
appear to intersect with the BMP-SMAD pathway at some
level, since mice and human patients with HFE and TFR2
mutations exhibit impairment in liver SMAD signaling [59–
64]. However, the functions of HFE and TFR2 in regulating
hepcidin are not entirely overlapping given the differential se-
verity of the iron overload phenotype in mice and patients
with HFE mutations alone, TFR2 mutations alone and double
HFE/TFR2mutations [61, 64, 65].

Hepcidin regulation by inflammation

Another well-characterized hepcidin regulatory pathway is
the IL6-JAK-STAT3 pathway, which mediates, at least in part,
hepcidin transcriptional induction in response to inflam-
mation [27, 28, 66–68] (Figure 3). Other mediators of inflam-
mation and infection including IL-22, type I interferon, tumor
necrosis factor alpha and endoplasmic reticulum stress have
also been implicated in hepcidin regulation [27, 29, 30].
Notably, liver SMAD signaling is also induced in many
inflammatory models [69, 70], and hepcidin induction by
inflammation is reduced when the BMP-SMAD signaling
pathway is inhibited, indicating crosstalk between these regu-
latory pathways [41, 71–75]. Hypothesized mechanisms for
this crosstalk are an interaction between STAT3 and SMADs
at the level of the hepcidin promoter, and the TGF-β super-
family member activin B [70, 73] (Figure 3).

Hepcidin regulation by erythropoietic activity and
hypoxia

Increased erythropoietic activity, for example in response to
anemia or erythropoiesis-stimulating agent (ESA) adminis-
tration, is a potent suppressor of hepcidin expression. This
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appears to be mediated by a secreted factor from proliferating
red blood cell (RBC) precursors in the bone marrow, since
inhibition of erythropoiesis by chemotherapy, irradiation or
an erythropoietin blocking antibody prevents hepcidin sup-
pression by anemia or ESAs [76, 77]. TGF-β/BMP superfamily
modulators GDF15 and TWSG1 have been proposed to
mediate hepcidin suppression in iron loading anemias with in-
effective erythropoiesis such as β-thalassemia [78, 79], but
may not mediate hepcidin suppression in other contexts [80,
81]. Recent data in genetic mouse models suggest that
hypoxia-mediated hepcidin suppression occurs indirectly by
stimulating erythropoiesis [82, 83], although other mechan-
isms for hypoxia-mediated hepcidin suppression have also
been proposed [84, 85].

Hepcidin regulation by growth factors, steroid hormones
and other endocrine factors

Recently, several growth factors and steroid hormones have
been demonstrated to suppress hepcidin expression in the
liver including hepatocyte growth factor (HGF, 32), epidermal
growth factor (EGF, 32), estrogen [33, 34] and testosterone
[35, 36] (Figure 1). HGF, EGF and testosterone are proposed

to intersect with BMP-SMAD signaling in the regulation of
hepcidin [32, 35, 36], while estrogen is suggested to act via an
estrogen response element in the hepcidin promoter [33, 34].
The effects of steroid hormones on hepcidin regulation may
help explain gender differences in iron homeostasis that have
been observed [86]. Recent data presented in abstract form
suggests that vitamin D administration may also suppress cir-
culating hepcidin levels, and that vitamin D inhibits hepcidin
transcription in mononuclear cells [87]. In contrast, prolonged
fasting [88] and glucose [89] have been shown to increase cir-
culating hepcidin levels, and the glucose-mediated hepcidin
increase was associated with a decrease in serum iron levels
[89]. The mechanism of hepcidin regulation by glucose and
fasting is still undetermined, but interestingly, while glucose
did not affect hepcidin secretion in hepatoma-derived cell cul-
tures, it did induce hepcidin secretion by insulinoma-derived
cell cultures [89]. These findings suggest intriguing links
between iron metabolism and multiple endocrine systems, and
raise the possibility that hepcidin production in non-hepatic
tissues may functionally contribute to circulating hepcidin
levels and systemic iron balance in some contexts, although
this will need to be validated by future studies.

F IGURE 3 : Molecular regulation of hepcidin by iron and inflammation. Increased systemic iron stimulates the production of the ligand bone
morphogenetic protein 6 (BMP6), which binds to the BMP Type I (ALK2/ALK3) and II (ACTRIIA) receptors, and the co-receptor HJV to
stimulate phosphorylation of the SMAD1/5/8 intracellular signaling molecules. Phosphorylated SMAD 1/5/8 binds to SMAD4 and translocates
to the nuclease to activate hepcidin transcription. The mechanism by which the hemochromatosis protein HFE and/or TFR2 regulate hepcidin
expression is unknown but appears to involve an interaction with the BMP-SMAD signaling pathway. It has been proposed that an interaction
between HFE and TFR1 is reduced under high iron conditions due to competitive binding of holotransferrin to TFR1. Displaced HFE could
then associate with TFR2 and possibly the HJV-BMP receptor complex to regulate hepcidin. Inflammation also stimulates hepcidin production,
in part via a canonical janus kinase (JAK)/signal transducer and activator of transcription (STAT) pathway in which inflammation increases in-
terleukin 6 (IL6) binding to the IL6-receptor (IL6R) and thereby stimulating phosphorylation of JAKs and STAT3. Phosphorylated-STAT3
homodimers translocate to the nuclease and bind to the hepcidin promoter to stimulate hepcidin expression. Other mediators of inflammation
and infection can also regulate hepcidin expression in this context (not shown). A mechanism of crosstalk between inflammatory signals and
BMP signaling has been proposed in which inflammation induces activin B, which binds to BMP receptors to stimulate SMAD1/5/8 phosphoryl-
ation. SMADs and STAT3 may also interact at the level of the hepcidin promoter.
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DISORDERED IRON BALANCE IN CHRONIC
KIDNEY DISEASE

Iron deficiency-limiting erythropoiesis is an important cause
of anemia and resistance to ESAs in chronic kidney disease
(CKD) patients [90–93]. Iron administration is therefore a
vital part of CKD anemia management. Moreover, the use of
iron agents appears to be increasing [94] in the wake of recent
large clinical trials that raised safety concerns for ESAs [95–
97], and clinical practice guidelines that have liberalized rec-
ommendations regarding iron use in CKD patients [98].
However, current diagnostic tests to evaluate iron status are
limited, the targets of iron therapy are largely opinion based,
and the safety of iron has not been rigorously evaluated in
large prospective randomized controlled trials in this patient
population [98]. Our increasing understanding about the mol-
ecular mechanisms governing iron homeostasis regulation and
its disturbance in CKD may lead to improved diagnostic and
therapeutic strategies for managing this patient population.

The causes of iron deficiency in CKD patients are multifac-
torial (Figure 4). Some patients have true iron deficiency,
characterized by decreases in both circulating iron levels and
total body iron stores. Other patients have functional iron
deficiency, characterized by a decrease in circulating iron that
limits erythropoiesis, which can occur even in the context of
normal or adequate body iron stores. A combination of these
features may also be present. Factors predisposing CKD
patients to iron deficiency include increased blood loss, in-
creased iron utilization from ESA therapy, impaired dietary
iron absorption and impaired iron release from body storage
sites [84] (Figure 4). Blood loss can arise from frequent

phlebotomy, blood trapping in the dialysis apparatus and gas-
trointestinal or other bleeding as a result of uremic platelet
dysfunction. Dietary iron absorption can be impaired by
antacid medications or phosphate binders that block entero-
cyte iron uptake. It is now apparent that hepcidin excess also
contributes to the impaired dietary iron absorption and im-
paired iron release from body storage sites in CKD patients by
downregulating ferroportin expression to block iron entry into
the circulation [99–101]. Mechanisms leading to hepcidin
excess in these patients are thought to include reduced renal
clearance of this small peptide hormone, and increased
inflammatory-mediated hepcidin transcription caused by the
dialysis procedure itself and/or the underlying disease process
[84]. Hepcidin levels in CKD patients are also influenced by
iron and ESA administration (Figure 4) [84, 100].

IRON STATUS EVALUATION IN CKD

Current Kidney Disease: Improving Global Outcomes clinical
practice guidelines regarding the use of iron agents to manage
anemia of CKD [98] revolve around two diagnostic tests:
serum Tf saturation and serum ferritin levels. Serum Tf satur-
ation measures circulating iron that is immediately available
for erythropoiesis, while serum ferritin serves as a surrogate
measure of body iron levels. A major limitation of these diag-
nostic tools is that they are not reliable for estimating body
iron stores or predicting which patients will respond well to
iron therapy [98, 102–105]. Indeed, ferritin is also an acute
phase reactant, and so must be interpreted with caution in the
setting of inflammation. While there is general agreement that
patients with total body iron deficiency as indicated by low Tf
saturation and low ferritin should be treated with iron therapy,
there are limited data on how to manage patients as ferritin
levels rise [98, 106]. There is therefore a need for new diagnos-
tic tests to understand the iron status of CKD patients and to
help determine which patients will benefit from iron therapy.

ALTERNATIVE AND NOVEL DIAGNOSTIC
TOOLS FOR IRON AND ANEMIA
MANAGEMENT IN CKD

Reticulocyte hemoglobin content

By evaluating the hemoglobin content of reticulocytes,
which are early RBC forms, reticulocyte hemoglobin content
(CHr) provides an indication of iron availability for erythro-
poiesis within the last few days. Several studies have suggested
that CHr may also be helpful to predict responsiveness to iron
in hemodialysis patients [107–112], although it is less well
studied and may not be as widely available as Tf sat and ferri-
tin.

Percentage of hypochromic RBCs

Percentage of hypochromic RBCs measures the concen-
tration of hemoglobin in RBCs, which reflects both the absol-
ute amount of hemoglobin and the RBC size. This test has also
shown utility in predicting iron responsiveness in

F IGURE 4 : Disordered iron balance in CKD. Chronic inflam-
mation and reduced renal clearance in patients with CKD lead to in-
creased levels of hepcidin, which reduces duodenal iron uptake and
iron release from cellular iron stores. Intestinal iron uptake is also in-
hibited by medications such as phosphate binders and antacids. ESAs
stimulate increased iron usage for erythropoiesis, while blood loss due
to frequent phlebotomy, blood trapping in the dialysis apparatus and
gastrointestinal bleeding further deplete the circulating iron pool.
Iron administration stimulates hepcidin expression, which can para-
doxically worsen the iron restriction, while ESAs have an inhibitory
effect on hepcidin expression.
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hemodialysis patients [110, 113], but can be impacted by
blood storage time, which leads to artificial RBC expansion,
thereby limiting utility in dialysis centers that use national lab-
oratories [114].

Soluble transferrin receptor

Transferrin receptor 1 mediates uptake of iron into devel-
oping RBCs. Its expression and release into circulation as
soluble transferrin receptor (sTFR) is increased in the setting
of iron deficiency and increased erythroid activity. Although
the literature on sTFR is limited, a few studies have suggested
that sTFR may be helpful to predict iron responsiveness [110,
113]. However, interpretation of this test in patients on ESAs
is complicated by the fact that erythropoiesis itself increases
sTFR levels [115]. The use of this assay is also limited by lack
of widespread availability and cost.

Hepcidin

The understanding that hepcidin excess contributes to dis-
ordered iron homeostasis in CKD patients has garnered inter-
est in measuring hepcidin levels as a marker of iron status,
iron responsiveness and/or ESA responsiveness in CKD
patients. There are two general types of assays now available to
the research community to measure circulating hepcidin
levels: immunologic and mass spectrometry-based assays.
Both types of assays have their inherent strengths and weak-
nesses and give an overall large variation in the absolute values
of hepcidin levels, but do show overall good correlation in rela-
tive hepcidin levels with each other [116]. Older assays that
also recognize the precursor form of hepcidin (prohepcidin)
are not useful because prohepcidin levels do not correlate with
hepcidin biological activity [117, 118]. Using the more recent
assays, many studies have now confirmed that circulating hep-
cidin levels are increased in CKD patients, with the highest
levels in patients on hemodialysis [99–101]. Hepcidin levels in
CKD patients have the strongest correlation with serum ferri-
tin [100, 101, 119], but are also influenced, at least in some
studies, by inflammation, iron administration, estimated glo-
merular filtration rate, dialysis clearance, ESA dose and hemo-
globin [100, 101, 119–121]. One important limitation for the
use of hepcidin levels as a diagnostic tool in CKD patients is
the large intra-individual variability of both immunologic and
mass spectrometry-based assays [122, 123]. Notably, hepcidin
levels have not been shown to consistently predict responsive-
ness or resistance to iron therapy or ESAs [120, 124]. Thus, for
the time being, there is no convincing evidence that hepcidin
assays offer any advantage or additional information com-
pared with currently available diagnostic tests with regard to
CKD iron and anemia management, but this remains an area
of active investigation.

Soluble HJV

Recent studies have explored the utility of measuring circu-
lating levels of endogenous soluble HJV (sHJV) as a measure
of iron status in human patients both without and with CKD
[125–129]. sHJV release from cells can be mediated by the
proprotein convertase furin, the transmembrane serine pro-
tease TMPRSS6 and phospholipase C [130–134], and sHJV

has been detected in the conditioned media of transfected cells
and in the bloodstream of animals and humans [125–130,
135–137]. While cell-surface, GPI-anchored HJV functions as
a BMP co-receptor to stimulate hepcidin expression (Figure 3)
[39], sHJV can function as an inhibitor of BMP signaling and
hepcidin expression, presumably by sequestering BMP ligands
from interacting with cell surface signaling receptors [45, 72,
135]. Interestingly, some studies have suggested that sHJV
may be decreased by iron treatment and increased by iron
deficiency [125, 130, 135–137], suggesting that (i) sHJV could
be useful as a diagnostic tool to indicate iron status and (ii) the
generation sHJV could have a functional role to inhibit hepci-
din expression in the context of iron deficiency. However, one
important concern regarding these early human studies quan-
titating sHJV levels is assay validity. Indeed, one commercial
ELISA assay used in studies focusing on CKD patients [128,
129] has subsequently been shown not to recognize HJV
[138]. Future studies will be needed using well-validated assays
and larger patient populations to determine if sHJV could
have value as a diagnostic marker to guide iron therapy in
CKD patients.

Other markers

The putative role of GDF15 hepcidin regulation by erythro-
poietic drive has generated interest in investigating this mol-
ecule as a novel diagnostic tool for iron and anemia
management in CKD patients [139]. However, currently avail-
able clinical data are very limited [139]. Moreover, while one
study suggested that GDF15 may be increased by iron
deficiency [140], this was not robustly supported by another
study [141], and GDF15 levels may also be influenced by
inflammation [141, 142], malnutrition [142] and kidney
disease [142], which may complicate its usefulness in this
setting.

IRON THERAPY FOR CKD PATIENTS

Iron administration remains one of the cornerstones of
anemia management in CKD patients to improve hemoglobin
levels and ESA responsiveness [98]. Iron supplementation is
currently given in two general forms: oral or parenteral. Oral
iron supplementation is the easiest and cheapest. However,
oral iron agents can have gastrointestinal side effects that limit
adherence, due to the formation of local reactive oxygen
species and oxidative damage in the gut mucosa [143]. More-
over, several studies have suggested that oral iron is less effec-
tive than parenteral iron, particularly in hemodialysis patients,
for improving or preventing iron deficiency, ameliorating
anemia or reducing ESA dose [98, 144–146]. The limited ef-
fectiveness of oral iron supplements in this patient population
is likely due to medications such as antacids and phosphate
binders that inhibit iron entry into duodenal enterocytes, and
hepcidin excess that decreases ferroportin expression to limit
iron release from duodenal enterocytes into the bloodstream
(Figure 4)

There are several intravenous (IV) iron preparations that
can be used to treat iron-restricted erythropoiesis in CKD
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patients, including iron dextrans, iron sucrose, ferric gluco-
nate, ferric carboxymaltose, iron isomaltoside 1000 and feru-
moxytol. These preparations are generally comprising an iron
core shielded by a carbohydrate shell with different molecular
weights and physiochemical properties yielding differential
degradation kinetics and ability to release ‘free’ iron into the
circulation [143]. This determines the maximal single dose for
each preparation, with the newer, higher molecular weight,
more stable complexes enabling larger doses over shorter time
frames [143]. Iron dextrans (particularly high molecular
weight dextrans) have been limited by dextran-induced ana-
phylactic reactions in ∼0.6–0.7% of patients [98]. There is
some limited data suggesting that various iron preparations
may have different effects on markers of oxidative stress and
inflammation, but this did not necessarily correlate with the
compounds’ molecular weight, stability or ability to release
free iron into circulation [147, 148]. Comparative safety of
these IV iron preparations in CKD patients remains largely
unknown due to the lack of direct head-to-head clinical trials.

Understanding the physiology of systemic iron balance and
its pathophysiology in CKD and other iron disorders raises
several potential limitations shared by all IV iron preparations.
Regardless of the iron preparation, once the iron is taken up
into erythrocytes, macrophages or other body storage sites,
hepcidin excess and ferroportin downregulation will limit the
availability of the iron for recycling and subsequent use. More-
over, iron itself stimulates hepcidin expression and therefore
can paradoxically worsen the iron restriction (Figure 4).
Additional concerns, particularly with regard to repetitive iron
administration as ferritin levels rise, are the potential for
oxidant-mediated tissue injury from excess iron deposition as
seen in iron overload disorders such as hemochromatosis. Iron
deposition has also been associated with the pathogenesis of
many other common disorders including neurodegenerative
diseases, diabetes mellitus and atherosclerosis [1, 149, 150].
Additionally, withholding iron from invading pathogens is an
important function of the immune system, and iron loading is
associated with worse outcomes in several infectious diseases
including malaria, tuberculosis and HIV [151–153]. Large
prospective randomized trials in the CKD population are long
overdue to evaluate the efficacy of repetitive IV iron adminis-
tration with regard to hard clinical outcomes and long-term
safety, to further characterize which patients will benefit from
iron therapy and to determine treatment targets of iron
therapy.

NOVEL TREATMENT STRATEGIES FOR
IRON-RESTRICTED ERYTHROPOIESIS IN
CKD PATIENTS

The understanding that hepcidin excess contributes to iron-re-
stricted erythropoiesis in CKD patients has generated interest
in developing new therapies that target the hepcidin–ferropor-
tin axis to more directly address the underlying pathophysiol-
ogy of this disease. Such therapies would be expected to
increase iron availability from the diet and from the patients

own body iron stores, and are a particularly attractive option
for patients with higher ferritin levels.

Several categories of hepcidin/ferroportin-based thera-
peutics are currently in development (reviewed in [31]). One
category is direct hepcidin antagonists, including anti-hepci-
din antibodies, other hepcidin-binding proteins (anticalins),
hepcidin-binding spiegelmers and hepcidin siRNAs and anti-
sense oligonucleotides [31]. Dialysis itself also reduces hepci-
din levels [121, 154], but the levels quickly rebound [154],
potentially due in part to the induction of inflammatory cyto-
kines by the dialysis procedure, as well as the high basal turn-
over rate of hepcidin [155]. Another category is agents that
inhibit hepcidin production by targeting either the BMP-
SMAD signaling pathway or the IL6-STAT3 pathway [31].
BMP-SMAD pathway inhibitors include anti-BMP6 anti-
bodies, sHJV linked to the constant region of IgG1 (HJV.Fc),
small molecule BMP type I receptor antagonists (LDN-
193189) and heparin (which has been shown to sequester
BMP ligands) [31, 41, 45, 72, 74, 75, 156]. IL6-STAT3 pathway
inhibitors include anti-IL6 antibodies (Siltuximab), anti-IL6
receptor antibodies (Tocilizumab), JAK2 inhibitors (AG490)
and STAT3 inhibitors (PpYLKTK) [31]. ESAs and other
stimulators of ESA production such as prolyl hydroxylase
inhibitors also fall in this category since they inhibit hepcidin
production. A third category is ferroportin agonists/stabilizers,
including anti-ferroportin antibodies and thiol-reactive com-
pounds that interfere with hepcidin binding to ferroportin, as
well as agents that interfere with ferroportin internalization or
potentiate ferroportin synthesis [31]. Notably, many of these
agents have shown efficacy for treating iron-restricted erythro-
poiesis and anemia in animal models with anemia of chronic
disease [74, 75, 157–160], and several are currently in human
clinical trials [161–164]. The safety and efficacy of these agents
in human CKD patients compared with current treatment
strategies remains to be determined.

CONCLUSIONS

The last 13 years have yielded significant advances in under-
standing the molecular mechanisms underlying systemic iron
balance and its dysregulation in CKD patients. These studies
hold the promise for developing new, rationally designed diag-
nostic and therapeutic tools to improve anemia management
in CKD patients. Novel therapies targeting hepcidin have
shown particular promise, and several have already entered
human clinical trials. More research is needed to better under-
stand the efficacy, long-term safety and targets of current iron
therapies as well as novel hepcidin-lowering approaches in
large prospective randomized controlled trials.
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