
REVIEW
 CURRENT
OPINION New insights into the links between hypoxia and

iron homeostasis
1065-6251 Copyright � 2019 The A
a,b,c,d a,b,c,d
Cyril Renassia and Carole Peyssonnaux
Purpose of review

This review outlines recent discoveries on the crosstalk between oxygen metabolism and iron homeostasis,
focusing on the role of HIF-2 (hypoxia inducible factor-2) in the regulation of iron metabolism under
physiopathological conditions.

Recent findings

The importance of the hepcidin/ferroportin axis in the modulation of intestinal HIF-2 to regulate iron
absorption has been recently highlighted. Latest advances also reveal a direct titration of the bone
morphogenetic proteins by the erythroferrone contributing to liver hepcidin suppression to increase iron
availability. Iron is recycled thanks to erythrophagocytosis of senescent erythrocytes by macrophages.
Hemolysis is frequent in sickle cell anemia, leading to increased erythrophagocytosis responsible of the
macrophage polarization shift. New findings assessed the effects of hemolysis on macrophage polarization
in the tumor microenvironment.

Summary

Hypoxia signaling links erythropoiesis with iron homeostasis. The use of HIF stabilizing or inhibiting drugs
are promising therapeutic approaches in iron-associated diseases.
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INTRODUCTION

Iron is essential for all living organisms to support
crucial biological processes, from DNA replication
to oxygen transportation and ATP production. Iron
is a key nutrient but has to be tightly regulated to
avoid its remarkably high reactivity that could
induce severe damages due to ROS production via
the Haber Weiss/Fenton reaction. Iron is mainly
used for the hemoglobin synthesis to support
efficient oxygen transportation. Therefore, coordi-
nated regulation between the physiology of hyp-
oxic response and the control of iron availability
need to take place. HIF (hypoxia inducible factors)
transcription factors are central mediators of cellu-
lar adaptation to critically low oxygen levels
(¼hypoxia). Since the discovery of HIF-1 in 1992,
a new research field has emerged leading to an
important infatuation for these new basic loop
helix transcription factors and the discovery of
other HIF isoforms in 1997 and 2001. Many func-
tions have been attributed to these factors [1], but
we will focus in this review on the recent findings on
the role of HIF-2 in iron-related physiologic and
pathological conditions.
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IRON HOMEOSTASIS

In humans, total iron content in the organism
ranges between 3 and 5 g. Most of it is contained
in red blood cells (RBCs), bound to the heme pros-
thetic group in hemoglobin, and in erythroid pro-
genitor cells in the bone marrow. Senescent red
blood cells are phagocytosed by the macrophages
of the reticuloendothelial system, especially in the
spleen, in a process called erythrophagocytosis [2,3].
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KEY POINTS

� The hepcidin/FPN axis regulates intestinal HIF-2 to
modulate iron absorption.

� Direct titration of the bone morphogenetic proteins
participates to ERFE-mediated hepcidin suppression.

� Recent implications of erythrophagocytosis in tumor
microenvironment highlight a macrophage phenotype
switch in hemolytic tumor area.

� The use of HIF-2 antagonists is a promising therapeutic
approach in iron overload diseases.

Erythroid system and its diseases
The iron contained in RBCs is recycled by macro-
phages at a rate of 25–30 mg/day. There is no active
excretory mechanism for the metal; however,
small iron quantities (1–2 mg/day) are lost
by desquamation or bleeding, and are replaced by
dietary iron absorption, in the duodenum, the prox-
imal part of the small intestine. Over the last two
decades, major advances have been made in the iron
homeostasis research topic. Hepcidin was identified
as the key regulator of systemic iron homeostasis in
2001 [4]. This 25 amino acid peptide, highly con-
served between species, has been shown to be
mainly secreted by the liver in response to iron
overload or inflammation [5,6]. It circulates in the
blood flow and decreases plasma iron levels by
blocking iron absorption in the duodenum and iron
release from macrophages, thus targeting the two
entrance gates for iron in the circulation. Molecu-
larly, it binds the only known iron exporter ferro-
portin (FPN) inducing its internalization and
consecutive degradation by the proteasome thanks
to specific sites of ubiquitinylation [7,8].

Hepcidin deficiency is associated with hereditary
hemochromatosis, a highly prevalent human genetic
disease characterizedbyexcessive iron accumulation.
Iron accumulation in the organs leads to liver cirrho-
sis, diabetes, heart failure and increase risks of hepa-
tocellular carcinoma. There are multiple origins for
this abnormally low hepcidin level, from highly fre-
quent mutations in the Hfe gene [9], to very rare cases
of mutations in the hepcidin gene itself [10].

Although hepcidin is mainly produced by the
liver, an increasing number of studies showed that
hepcidin is also expressed by other tissues [11–14].
The generation of a liver-specific hepcidin knockout
mouse model recapitulated the iron phenotype of
the total hepcidin knockout mice, demonstrating
that hepatic hepcidin is sufficient to ensure systemic
iron homeostasis in physiological conditions [15]
and suggesting that production of hepcidin by
extrahepatic tissues may have local roles. Indeed,
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an essential role of heart hepcidin in cardiac iron
homeostasis has recently been highlighted [16].
HIF-2: A KEY REGULATOR OF IRON
HOMEOSTASIS IN PHYSIOLOGICAL AND
PATHOLOGICAL CONDITIONS

The richly perfused gastrointestinal mucosa is jux-
taposed with the anaerobic lumen of the gut. As a
consequence, intestinal epithelial cells experience a
uniquely steep oxygen gradient. Adaptive transcrip-
tional responses to oxygen deprivation are mediated
by the hypoxia inducible factors (HIFs). HIFs are
alpha/beta heterodimeric transcription factors play-
ing key roles in adaptation to hypoxia. The beta
monomer (HIF-1b, also known as ARNT) is consti-
tutively expressed and the alpha monomers (HIF-1a,
HIF-2a or HIF-3a) are regulated at the posttransla-
tional level. Under normoxia, the prolyl-hydroxy-
lase domain enzymes (PHDs) hydroxylate the a-
subunit on two prolines. The proline-hydroxylated
residues favor the interaction with the tumor sup-
pressor protein von Hippel-Lindau (vHL) resulting
in the degradation of the HIF-a subunit via the
proteasome pathway. Conversely, under hypoxia
or iron depletion, hydroxylation is inhibited
increasing the stabilization of the alpha subunit
and the heterodimerization with the beta subunit.
The functional heterodimer translocates into the
nucleus to regulate the transcription of HIF target
genes by binding on specific sequences called hyp-
oxia-responsive elements (HREs).

HIF-1 has been the most extensively subunit
studied so far. An essential involvement of HIF-1
has been demonstrated in angiogenesis, glycolytic
metabolism, apoptosis, cellular stress among other
major biological processes [1]. HIF-1 has also been
shown to regulate transferrin receptor 1 (TfR1) and
heme oxygenase 1 (HO-1) expression [17,18], but is
not essential for splenic macrophages erythropha-
gocytosis [19].

HIF-2 has a key role in adult erythropoiesis, by
regulating the erythropoietin hormone (EPO) [20,21]
but also by increasing iron mobilization via two
essential mechanisms: in the enterocyte, HIF-2 reg-
ulates iron absorption via direct transcriptional acti-
vation of the divalent metal transporter 1 (DMT1),
the ferric reductase DcytB and the iron exporter FPN
[20,21]. In the liver, specific HIF-2 activation
represses hepcidin production through an EPO-medi-
ated stimulation of erythropoiesis [21,22].

HIF-2 is not only crucial to maintain normal
absorption rates at basal level but also in different
pathological settings. HIF-2 is essential to upregu-
late iron absorption genes in conditions of iron
deficiency [23] or increased erythropoiesis [24] but
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FIGURE 1. The links between hypoxia and iron metabolism. (a) Systemic regulation of iron metabolism under normoxia and/
or iron deficiency. (b) Systemic regulation of iron metabolism under hypoxia and/or iron overload. Apo-Tf, Apo-transferrin;
BMPs, bone morphogenetic proteins; CP, cerruloplasmin; EPO, erythropoietin; ERFE, erythroferrone; FPN, ferroportin; Heph,
hephaestin; HIF, hypoxia inducible factor; Holo-Tf, Holo-transferrin; Ocytb, duodenal cytochrome b; OMT1, divalent metal
transporter 1; PHOs, prolyl hydroxylase domain enzymes.
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also contributes to iron overload in hemochroma-
tosis [25] and sickle cell disease mouse models [24].

Schwartz et al. recently elucidated more pre-
cisely the mechanisms by which HIF-2 mediates
regulation of iron absorption, thanks to inducible
mouse models. They investigated the importance
of the well described hepcidin/FPN axis to stabilize
HIF-2 specifically in the intestine. In a context of
an inducible knockout mouse model for hepcidin
in the liver, duodenal FPN was stabilized and
serum iron increased (leading to iron overload
in case of sustained hepcidin deficiency mimick-
ing the hereditary hemochromatosis [4]). FPN sta-
bilization leads to a decrease in intracellular iron
in the duodenal enterocytes. Under low cellular
iron concentrations, the HIF-2a subunit is no lon-
ger hydroxylated by the PHDs, and is therefore
stabilized, inducing the consecutive transcription
of the iron absorption genes (DMT1, DcytB, FPN)
(Fig. 1). Both iron overload and anemia models
support the key role of the hepcidin/FPN axis in
intestinal HIF-2 regulation [26]. Using inducible
intestine-specific FPN and DMT1 knockout model,
Schwartz et al. confirmed that enterocyte iron flux
was the major mechanism by which the hepcidin/
FPN axis regulates HIF-2a and demonstrated in
vitro that the FPN-mediated efflux of iron triggers
the stabilization of HIF-2a in a cell-autonomous
manner. Interestingly, the use of a HIF-2 antago-
nist, recently developed [27] decreases systemic
1065-6251 Copyright � 2019 The Author(s). Published by Wolters Kluwe
iron accumulation in hepcidin-deficient mice,
confirming previous studies using mice lacking
HIF-2 in the intestinal epithelium [25]. Notewor-
thy, in addition to the PHD-mediated posttransla-
tional regulation, HIF2-a is also subjected to IRP-
mediated translational regulation due to the pres-
ence of an IRE in its 50UTR [28]. It provides a means
by which HIF-2a activity can be attenuated and
may limit the level of activation. Recently, an
inhibitor of HIF-2 translation has been shown to
reduce erythrocytosis/polycythemia in a mouse
model of Chuvash polycythemia (VhlR200W) [29

&

]
Altogether, these recent studies confirm that HIF-
2a is a potential pharmacological target down-
stream of the hepcidin/FPN axis in patients with
iron overload
MAINTENANCE OF THE IRON BALANCE
TO SUPPORT FUNCTIONAL
ERYTHROPOIESIS

As mentioned previously, iron is mainly used to
produce functional hemoglobin during erythropoi-
esis. The major actor for erythropoiesis activation is
EPO, produced by the liver, during the embryonic
stage and by the renal interstitial tissue after birth.
Anemia results from insufficient functional red
blood cells (low levels of hemoglobin or inefficient
hemoglobin) in the blood flow causing a decrease in
oxygen levels in tissues.
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Hypoxia is a major inducer of EPO synthesis in
the kidney, resulting in the synthesis of erythrofer-
rone (ERFE) by the erythroblasts. ERFE mediates liver
hepcidin suppression to mobilize iron to support
erythropoiesis [30]. It also contributes to iron over-
load in a mouse model of b-thalassemia by decreas-
ing liver hepcidin [31]. The mechanism involved
in ERFE mediated hepcidin-suppression is still
unknown. However, a recent work suggested a direct
interaction of ERFE with BMP5, BMP6 and BMP7
that could participate to hepcidin suppression by
inhibiting the hepatic BMP/SMAD signaling, critical
for hepcidin control [32

&

]. Interestingly, EPO has
also been suggested to act directly on enterocytes
through its receptor EPO-R to increase iron absorp-
tion [33].

In the case of chronic kidney disease (CKD)
patients, the lack of EPO production by the renal
interstitial tissue results in insufficient erythropoie-
sis, and subsequent anemia and hyperferremia. Ane-
mia is a frequent complication contributing to
increased morbidity and mortality in these patients.
In physiologic state, response to anemia and renal
hypoxia induces HIF-2 stabilization in the renal
EPO-producing cells, resulting in increased EPO
production. After submitting mice to an iron-rich
diet or Iron-Dextran injections, HIF-2 stabilization is
reduced and EPO induction lost [34], suggesting a
vicious circle with an increased iron deposition in
patients with EPO deficiency decreasing consecu-
tively the EPO production.
IRON MODULATES MACROPHAGE
POLARIZATION IN TUMOR

Macrophages play a critical role in the recycling of
iron from RBCs. The consequences of macrophage
exposure to hemolytic RBCs are usually studied in
the context of hemolytic diseases, such as sickle cell
disease, where pro-inflammatory ‘M1 macrophages’
reprogrammed by heme and iron aggravates tissue
damage [35]. In a recent publication, Muckenthaler
et al. investigated the impact of hemolysis in the
tumor microenvironment on the reprogramming of
tumor-associated macrophages. During the tumori-
genesis process, bleedings appear in some area of
the tumor microenvironment, with an increase in
hemolytic RBCs number. The authors describe that
the hemolytic area is associated with a subpopula-
tion of macrophages expressing M1-like markers
and heme scavenger genes to take heme iron from
hemolytic RBCs. The presence of these iron-loaded
pro-inflammatory tumor-associated macrophages
(named iTAMs) correlates with reduced tumor size
in patients with nonsmall cell lung cancer. Thanks
to in-vitro experiments, they showed that aged/
128 www.co-hematology.com
hemolytic RBCs switch M2-like macrophages into
pro-inflammatory M1-like macrophages, able to kill
Lewis lung carcinoma cells, thanks to increased ROS
production. To test the therapeutic relevance of
their findings, the authors used iron oxide nano-
particles inducing an iron increase exclusively in
phagocytic cells. Co-injection of these nanoparticles
with Lewis lung carcinoma cells in mice reduced
tumor growth. These results demonstrate a new
important role of iron and senescent/aged RBCs in
tumorigenesis, and suggest implication of iron in
antitumor response, at least for macrophages in this
cancer [36

&

].
THERAPEUTIC APPROACHES TO
MODULATE HYPOXIA INDUCIBLE FACTOR

The increase in CKD cases underlines the current
necessity of novel therapeutic approaches to treat
anemia. Since the discovery of HIF, the concept of
stabilizing HIF to support EPO production in CKD
anemia has been suggested for many years. It is now
conceivable thanks to a new class of drugs, the PHD
inhibitors or HIF stabilizers, which prevents the HIF-
alpha subunit from proteasome-mediated degrada-
tion. These small molecules are currently in phase III
clinical trials. These drugs by stabilizing not only
HIF-1 but also HIF-2 would coordinate erythropoie-
sis with iron metabolism. It could ameliorate the
quality life of CKD patients, by avoiding multiple
transfusions, iron supplementation and by reducing
the doses of erythropoiesis stimulating agents
administered [37]. However, there are several con-
cerns related to putative side effects of HIF activa-
tion as HIF-1 and HIF-2 regulate a broad spectrum of
cellular functions. Recent findings highlighted an
increase of fibroblast growth factor 23 (FGF23) after
HIF stabilizers treatment [38]. High levels of circu-
lating FGF23 are associated with cardiac dysfunction
and bone demineralization among others [39,40].
Further investigations will be needed to assess the
benefit-risk of both treatments.

Recent works from the last 5 years converge to
the critical role for HIF-2a in iron hyperabsorption
in primary and secondary hemochromatosis
[24,25,29

&

]. A selective inhibitor of HIF-2a,
PT2385, has recently been developed [27] and has
been validated for the treatment of patients with
clear-cell renal cell carcinoma [41

&

]. Of note, by
targeting HIF-2, PT2385 has also recently been
shown to prevent obesity, type 2 diabetes and
hepatic steatosis [42

&&

]. Therefore, the use of HIF-2
antagonists, such as PT2385, will be a promising
therapeutic approach in the treatment of iron over-
load diseases characterized by dysfunction of the
hepcidin/FPN axis.
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CONCLUSION

Defects in oxygen supply are present in lots of
pathologies indicating a need to better understand
the mechanisms increasing iron import to support
optimal erythropoiesis to maintain tissue normoxia.
Since the discovery of liver hepcidin as the key iron
regulator, new interest has emerged to identify other
hepcidin producing tissues and understand their
role. Recent publications investigated the crucial
role of the hepcidin/FPN axis to regulate iron
absorption in the intestine thanks to HIF-2. As this
factor tightly regulates EPO production by the kid-
ney, new therapeutic stabilizing HIF emerged to
restore both iron import and sufficient erythropoie-
sis in anemia-associated diseases. Further investiga-
tions are needed to evaluate the side effects of HIF
stabilizers and to assess the benefit-risk in compari-
son to current erythropoiesis stimulating agent
treatments. As HIF factors are involved in many
key biological processes, the next step will be to
identify specific stabilizers for each HIF isoform.
At the other spectrum of iron-related diseases, the
use of specific HIF-2 antagonists will be a novel and
promising therapeutic approach in the treatment of
iron overload diseases.

Acknowledgements

We thank all contributors to this research topic and
apologize to authors whose work could not be cited
due to space limitations.

Financial support and sponsorship

The laboratory is supported by a funding from the
European Research Council under the European Com-
munity’s Seventh Framework Program (FP7/2011-2015
Grant agreement no 261296), the ‘Fondation pour la
Recherche Médicale’ (DEQ20160334903), the Labora-
tory of Excellence GR-Ex, reference ANR-11-LABX-
0051, funded by the program ‘Investissements d’avenir’
of the French National Research Agency, reference ANR-
11-IDEX-0005-02.

Conflicts of interest

There are no conflicts of interest.
REFERENCES AND RECOMMENDED
READING
Papers of particular interest, published within the annual period of review, have
been highlighted as:

& of special interest
&& of outstanding interest
1. Semenza GL. Hypoxia-inducible factors in physiology and medicine. Cell
2012; 148:399–408.

2. Beaumont C, Delaby C. Recycling iron in normal and pathological states.
Semin Hematol 2009; 46:328–338.

3. Nairz M, Schroll A, Demetz E, et al. ’Ride on the ferrous wheel’ – the cycle of iron
in macrophages in health and disease. Immunobiology 2015; 220:280–294.
1065-6251 Copyright � 2019 The Author(s). Published by Wolters Kluwe
4. Nicolas G, Bennoun M, Devaux I, et al. Lack of hepcidin gene expression and
severe tissue iron overload in upstream stimulatory factor 2 (USF2) knockout
mice. Proc Natl Acad Sci U S A 2001; 98:8780–8785.

5. Armitage AE, Eddowes LA, Gileadi U, et al. Hepcidin regulation by innate
immune and infectious stimuli. Blood 2011; 118:4129–4139.

6. Nemeth E, Rivera S, Gabayan V, et al. IL-6 mediates hypoferremia of
inflammation by inducing the synthesis of the iron regulatory hormone hepci-
din. J Clin Invest 2004; 113:1271–1276.

7. Nemeth E, Tuttle MS, Powelson J, et al. Hepcidin regulates cellular iron efflux
by binding to ferroportin and inducing its internalization. Science 2004;
306:2090–2093.

8. Qiao B, Sugianto P, Fung E, et al. Hepcidin-induced endocytosis of ferro-
portin is dependent on ferroportin ubiquitination. Cell Metab 2012;
15:918–924.

9. Feder JN, Gnirke A, Thomas W, et al. A novel MHC class I-like gene is mutated
in patients with hereditary haemochromatosis. Nat Genet 1996;
13:399–408.

10. Roetto A, Papanikolaou G, Politou M, et al. Mutant antimicrobial peptide
hepcidin is associated with severe juvenile hemochromatosis. Nat Genet
2003; 33:21–22.

11. Bekri S, Gual P, Anty R, et al. Increased adipose tissue expression of hepcidin
in severe obesity is independent from diabetes and NASH. Gastroenterology
2006; 131:788–796.

12. Kulaksiz H, Theilig F, Bachmann S, et al. The iron-regulatory peptide hormone
hepcidin: expression and cellular localization in the mammalian kidney. J
Endocrinol 2005; 184:361–370.

13. Merle U, Fein E, Gehrke SG, et al. The iron regulatory peptide hepcidin is
expressed in the heart and regulated by hypoxia and inflammation. Endocri-
nology 2007; 148:2663–2668.

14. Peyssonnaux C, Zinkernagel AS, Datta V, et al. TLR4-dependent hepcidin
expression by myeloid cells in response to bacterial pathogens. Blood 2006;
107:3727–3732.

15. Zumerle S, Mathieu JR, Delga S, et al. Targeted disruption of hepcidin in the
liver recapitulates the hemochromatotic phenotype. Blood 2014;
123:3646–3650.

16. Lakhal-Littleton S, Wolna M, Carr CA, et al. Cardiac ferroportin regulates
cellular iron homeostasis and is important for cardiac function. Proc Natl Acad
Sci U S A 2015; 112:3164–3169.

17. Lee PJ, Jiang BH, Chin BY, et al. Hypoxia-inducible factor-1 mediates
transcriptional activation of the heme oxygenase-1 gene in response to
hypoxia. J Biol Chem 1997; 272:5375–5381.

18. Tacchini L, Bianchi L, Bernelli-Zazzera A, Cairo G. Transferrin receptor
induction by hypoxia. HIF-1-mediated transcriptional activation and cell-spe-
cific posttranscriptional regulation. J Biol Chem 1999; 274:24142–24146.

19. Mathieu JR, Heinis M, Zumerle S, et al. Investigating the real role of HIF-1
and HIF-2 in iron recycling by macrophages. Haematologica 2014;
99:e112–e114.

20. Gruber M, Hu CJ, Johnson RS, et al. Acute postnatal ablation of Hif-2alpha
results in anemia. Proc Natl Acad Sci U S A 2007; 104:2301–2306.

21. Rankin EB, Biju MP, Liu Q, et al. Hypoxia-inducible factor-2 (HIF-2) regulates
hepatic erythropoietin in vivo. J Clin Invest 2007; 117:1068–1077.

22. Mastrogiannaki M, Matak P, Mathieu JR, et al. Hepatic hypoxia-inducible
factor-2 down-regulates hepcidin expression in mice through an erythropoie-
tin-mediated increase in erythropoiesis. Haematologica 2012; 97:827–834.

23. Shah YM, Matsubara T, Ito S, et al. Intestinal hypoxia-inducible transcription
factors are essential for iron absorption following iron deficiency. Cell Metab
2009; 9:152–164.

24. Das N, Xie L, Ramakrishnan SK, et al. Intestine-specific disruption of hypoxia-
inducible factor (HIF)-2alpha improves anemia in sickle cell disease. J Biol
Chem 2015; 290:23523–23527.

25. Mastrogiannaki M, Matak P, Delga S, et al. Deletion of HIF-2alpha in the
enterocytes decreases the severity of tissue iron loading in hepcidin knockout
mice. Blood 2012; 119:587–590.

26. Schwartz AJ, Das NK, Ramakrishnan SK, et al. Hepatic hepcidin/intestinal
HIF-2alpha axis maintains iron absorption during iron deficiency and overload.
J Clin Invest 2018.

27. Wallace EM, Rizzi JP, Han G, et al. A Small-molecule antagonist of HIF2alpha
is efficacious in preclinical models of renal cell carcinoma. Cancer Res 2016;
76:5491–5500.

28. Sanchez M, Galy B, Muckenthaler MU, Hentze MW. Iron-regulatory proteins
limit hypoxia-inducible factor-2alpha expression in iron deficiency. Nat Struct
Mol Biol 2007; 14:420–426.

29.
&

Ghosh MC, Zhang DL, Ollivierre H, et al. Translational repression of HIF2al-
pha expression in mice with Chuvash polycythemia reverses polycythemia. J
Clin Invest 2018; 128:1317–1325.

Repression of Hif2alpha expression by Tempol-mediated increases in the IRE-
binding activity of Irp1 decreased erythropoietin production, corrected splenome-
galy, normalized hematocrit levels, and increased the lifespans of Chuvash poly-
cythemia mice.
30. Kautz L, Jung G, Valore EV, et al. Identification of erythroferrone as an

erythroid regulator of iron metabolism. Nat Genet 2014; 46:678–684.
31. Kautz L, Jung G, Du X, et al. Erythroferrone contributes to hepcidin suppres-

sion and iron overload in a mouse model of beta-thalassemia. Blood 2015;
126:2031–2037.
r Health, Inc. www.co-hematology.com 129



Erythroid system and its diseases
32.
&

Arezes J, Foy N, McHugh K, et al. Erythroferrone inhibits the induction of
hepcidin by BMP6. Blood 2018; 132:1473–1477.

This study demonstrates that ERFE contributes to liver hepcidin-suppression by
the titration of BMP5,6,7.
33. Srai SK, Chung B, Marks J, et al. Erythropoietin regulates intestinal iron

absorption in a rat model of chronic renal failure. Kidney Int 2010; 78:660–667.
34.
&

Suzuki N, Matsuo-Tezuka Y, Sasaki Y, et al. Iron attenuates erythropoietin
production by decreasing hypoxia-inducible transcription factor 2alpha con-
centrations in renal interstitial fibroblasts. Kidney Int 2018; 94:900–911.

Iron suppresses EPO production by reducing HIF2alpha concentration in renal
interstitial fibroblasts.
35. Vinchi F, Costa da Silva M, Ingoglia G, et al. Hemopexin therapy reverts heme-

induced proinflammatory phenotypic switching of macrophages in a mouse
model of sickle cell disease. Blood 2016; 127:473–486.

36.
&

Costa da Silva M, Breckwoldt MO, Vinchi F, et al. Iron induces antitumor
activity in tumor-associated macrophages. Front Immunol 2017; 8:1479.

Delivery of iron exert direct antitumor effector functions by a macrophage pheno-
type switch.
37. Del Vecchio L, Locatelli F. Investigational hypoxia-inducible factor prolyl

hydroxylase inhibitors (HIF-PHI) for the treatment of anemia associated with
chronic kidney disease. Expert Opin Investig Drugs 2018; 27:613–621.
130 www.co-hematology.com
38. Flamme I, Ellinghaus P, Urrego D, Kruger T. FGF23 expression in rodents is
directly induced via erythropoietin after inhibition of hypoxia inducible factor
proline hydroxylase. PLoS One 2017; 12:e0186979.

39. Hanudel MR, Eisenga MF, Rappaport M, et al. Effects of erythropoietin on
fibroblast growth factor 23 in mice and humans. Nephrol Dial Transplant
2018; Epub ahead of print.

40. Kanbay M, Vervloet M, Cozzolino M, et al. Novel faces of fibroblast growth
factor 23 (FGF23): iron deficiency, inflammation, insulin resistance, left
ventricular hypertrophy, proteinuria and acute kidney injury. Calcif Tissue
Int 2017; 100:217–228.

41.
&

Courtney KD, Infante JR, Lam ET, et al. Phase I dose-escalation trial of
PT2385, a first-in-class hypoxia-inducible factor-2alpha antagonist in patients
with previously treated advanced clear cell renal cell carcinoma. J Clin Oncol
2018; 36:867–874.

This study validates direct HIF-2alpha antagonism, by the use of PT2385 for the
treatment of patients with ccRCC.
42.
&&

Xie C, Yagai T, Luo Y, et al. Activation of intestinal hypoxia-inducible factor
2alpha during obesity contributes to hepatic steatosis. Nat Med 2017;
23:1298–1308.

This study shows that intestinal HIF-2alpha could be a viable target for hepatic
steatosis therapy.
Volume 26 � Number 3 � May 2019


