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Hepcidin
Hepcidin is produced primarily in the liv-
er by hepatocytes, which sense plasma 
iron through a complex network of mem-
brane-bound proteins that include the 
HLA class I–like protein HFE, transferrin 
receptor 1 (TFR1), transferrin receptor 2 
(TFR2), hemojuvelin (HJV), and proteins 
of the BMP receptor family (1, 2). The BMP 
receptors regulate the activity of the SMAD 
family of transcription factors, which are 
key regulators of hepcidin gene transcrip-
tion. High levels of plasma iron result 
in increased hepcidin transcription and 
increased circulating levels of hepcidin. 
Conversely, low levels of plasma iron result 
in decreased hepcidin transcription and 
decreased circulating levels of hepcidin.

The key function of hepcidin is to bind 
to ferroportin (FPN), the only known mam-
malian cellular exporter of iron (3), and 
induce its degradation in cells that include 
duodenal enterocytes, macrophages, and 
hepatocytes. Hence, iron-replete condi-
tions (resulting in high levels of hepcidin) 
suppress FPN protein expression, leading 
to cellular retention of iron (Figure 1A). 
Conversely, low iron conditions (low lev-
els of hepcidin) lead to FPN stabilization, 
resulting in efflux of iron into the circula-

tion. This allows the systemic mobiliza-
tion of iron. The largest consumers of iron 
are RBC, in which iron is incorporated as 
heme into the oxygen carrier hemoglobin.

Hypoxia-inducible factor
Red cell mass is critically controlled by  
hypoxia-inducible factor (HIF), which is 
a key regulator of oxygen homeostasis. 
HIF is a heterodimeric transcription factor 
consisting of an α subunit, HIF-α, and a β 
subunit, HIF-β (4–6). The two most exten-
sively studied HIF-α isoforms are HIF-1α 
and HIF-2α (also known as EPAS1). HIF 
is primarily controlled by oxygen-regu-
lated degradation of the α subunit. Under 
normoxic conditions, a family of three 
oxygen-dependent, iron-containing prolyl 
hydroxylases, PHD1, PHD2, and PHD3 
(also known as EGLN2, EGLN1, and 
EGLN3, respectively), constitutively and 
site specifically hydroxylate key prolyl res-
idues on HIF-1α and HIF-2α. This provides 
a recognition motif for the von Hippel–
Lindau tumor suppressor protein, a com-
ponent of an E3 ubiquitin ligase complex 
that targets HIF-α for degradation. Under 
hypoxic conditions, this modification is 
arrested, leading to the stabilization of 
HIF-α and activation of HIF target genes.

The HIF pathway operates in essen-
tially all tissues of the body. Its use, how-
ever, displays cell-and organ-dependent 
differences. For example, in specialized 
interstitial cells of the renal cortex and in 
hepatocytes, a critical HIF-2α gene target 
is the hormone erythropoietin (EPO) (7, 
8). EPO stimulates the expansion of red 
cell mass in an oxygen-regulated manner, 
thereby improving oxygen delivery to tis-
sues of the body. Moreover, as with HIF-1α 
and -2α, the three PHDs are not equivalent 
proteins. For example, PHD2 possesses an 
N-terminal zinc finger, absent from PHD1 
and PHD3, that promotes recruitment to 
the HSP90 pathway to facilitate hydroxyl-
ation of HIF-α, an HSP90 client (9–11).

HIF and iron
Red cell mass and iron delivery must be 
tightly coordinated. Indeed, after hypox-
ia initiates EPO-induced erythropoiesis, 
erythroid progenitors secrete erythrofer-
rone, a hormone that suppresses hepci-
din production, thereby stimulating iron 
mobilization (12). Decreased hepcidin not 
only leads to FPN stabilization, but also 
increased transcription of genes encod-
ing for duodenal cytochrome B (DCYTB), 
divalent metal transporter 1 (DMT1), and 
FPN itself in duodenal enterocytes (Figure 
1B). HIF-2α plays a critical role in mediat-
ing this process (13–15). DCYTB reduces 
Fe(III) to duodenal lumen Fe(II), thereby 
allowing its transport across the apical 
surface by DMT1. The FPN, DCYTB, and 
DMT1 genes are all targets of HIF-2α (15).

In the present JCI study, Schwartz and 
colleagues (16) pursued the finding that 
duodenal cells employ HIF-2α, ordinarily 
an oxygen-sensitive transcription factor, 
to regulate genes central to iron metabo-
lism. To separate hypoxia from hepcidin- 
induced effects, they first examined mice 
with an inducible liver conditional knock-
out of hepcidin and observed the activa-
tion of HIF-2α and HIF-2α target genes 
(but, interestingly, not HIF-1α or HIF-1α 
target genes) in duodenal enterocytes. For 
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the PHD apoenzyme. More broadly, the 
PHDs are members of a larger family of 
2-oxoglutarate–dependent dioxygenases 
(23), raising the question of whether oth-
er such enzymes may be regulated by iron 
availability in a similar manner.

One enzyme that is well known to 
be regulated by intracellular iron levels 
is cytosolic aconitase (c-aconitase) (24). 
In its native form, the iron-containing  
c-aconitase catalyzes the interconversion 
of citrate and isocitrate. Upon iron deple-
tion, it converts to iron-regulatory protein 
1 (IRP1), an RNA-binding protein that 
binds to iron response elements (IREs). 
Remarkably, one such IRE that inhib-
its translation is located in the 5′-UTR of 
the HIF2A mRNA itself, and it provides 
a means by which HIF-2α activity can be 
attenuated under conditions in which 
iron stores are depleted (25). The authors 
suggest that IRP may limit the extent of  
HIF-2α activity upon iron deficiency.

Preference for HIF-2α  
over HIF-1α
A relevant issue is the mechanism by which 
HIF-2α is selectively activated over HIF-1α 
in these cells, since both are posttransla-
tionally regulated by the same family of 

transcription factor is, in fact, regulated 
by iron (Figure 1). Specifically, because 
iron is an obligatory cofactor for PHD, low 
iron leads to low PHD activity. Thus, the 
PHDs can be thought of as key integrators 
of signals that extend beyond oxygen and 
include iron. Of note, the PHDs are also 
responsive to agents that include ROS and 
Krebs cycle intermediates. In addition, the 
data indicate that the duodenal epithelial 
cell has a distinctive configuration of the 
HIF pathway that allows it to sense iron (in 
addition to oxygen) and thereby regulate 
genes of the iron pathway (FPN, DCYTB, 
DMT1). This is reminiscent of the manner 
in which specialized renal cells specifically 
employ the PHD2/HIF-2α axis to control 
EPO production in response to changing 
oxygen concentrations (7, 18–21).

The study by Schwartz et al. (16) pro-
vides new insights into the role of the HIF 
pathway in iron metabolism. This leads to 
the mechanistic question of whether iron 
is simply passively lost from the PHDs 
upon iron deprivation. In this regard, it 
might be noted that PHD2, the central 
PHD isoform, has a high affinity for iron, 
at least in vitro (22). Alternatively, low 
intracellular iron levels could potentially 
impair the assembly of PHD from iron and 

FPN, DCYTB, DMT1, and TFRC, upreg-
ulation was observed at both mRNA and 
protein levels.

Since hepcidin acts through FPN, 
the authors then examined mice with an 
inducible intestinal conditional knockout 
of Fpn and found that it blocked both low 
iron– and anemia-induced activation of 
HIF-2α, demonstrating an essential role 
for FPN in this process. This raises the 
possibility that intracellular iron levels 
may modulate HIF-2 levels. Importantly, 
inducible intestinal conditional knockout 
of Dmt1, a means to lower iron levels in 
the enterocyte, results in duodenal acti-
vation of HIF-2α. In cell culture studies, 
both a human HEK293 cell line (17) and a 
rat IEC-6 intestinal cell line with inducible 
expression of FPN display HIF-2α stabi-
lization upon FPN induction. Moreover, 
a PHD reporter construct consisting of a 
hydroxylation substrate domain fused to 
luciferase shows stabilization in both cell 
lines upon FPN induction (16).

Regulation of HIF-2α by iron
Taken together, the results of the study by 
Schwartz and colleagues (16) lead to the 
intriguing conclusion that in the hepcidin 
pathway, the oxygen-regulated HIF-2α 

Figure 1. HIF-2α regulation by hepcidin in duodenal enterocytes. (A) Under iron-replete conditions, hepcidin constitutively induces FPN degradation, 
leading to enterocyte retention of iron (Fe), high PHD activity, and constitutive degradation of HIF-2α. (B) Under iron-deficient conditions, lack of hepcidin 
leads to stabilization of FPN, efflux of iron, and lowered intracellular iron concentration. This leads to decreased activity of iron-dependent PHD, stabiliza-
tion of HIF-2α, and activation of the HIF-2α target genes DCYTB, DMT1, and FPN. DCYTB reduces Fe3+ to Fe2+, which in turn is transported from the apical 
surface into the enterocyte by DMT1. FPN promotes the transport of iron out the enterocyte through its basolateral surface.
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iron-containing PHDs. Another important 
question is how broadly this iron-sensing 
mechanism is employed. The present stud-
ies have focused on the regulation of HIF-
2α by hepcidin in duodenal enterocytes. In 
addition to these cells, macrophages and 
hepatocytes provide stores of iron, and 
like duodenal enterocytes, these cells can 
express FPN (1). In their animal models, 
Schwartz and colleagues did not observe 
changes in HIF-2α target gene expression 
in the spleen, an organ harboring FPN- 
expressing macrophages, which may sug-
gest differences in how HIF-2α responds 
to iron deficiency in different cell types. It 
will be of interest to determine the mecha-
nistic basis of any such differences.
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