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Regulation of iron metabolism by hypoxia-inducible factors 
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Abstract: Hypoxia-inducible factors (HIFs) are central mediators of cellular adaption to hypoxia. The heterodimeric HIF transcription 
factors consist of HIF-α and HIF-β, that form functional HIFs. Mammals contain HIF-1α, HIF-2α, and HIF-3α. HIFs play a key role 
in iron metabolism by regulating the expression of iron-related proteins, such as divalent metal transporter 1 (DMT1), ferroportin 1 
(FPN1), duodenal cytochrome b (Dcytb), and transferrin receptor (TfR). Hepcidin and iron regulatory proteins (IRPs), the central 
mediators for systematic and intracellular iron homeostasis, are also regulated by HIFs. In this review, we summarized the regulatory 
effects of HIFs on iron-related proteins, thus providing insights into the control of HIFs as therapeutic strategies for some iron related 
disorders.
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低氧诱导因子对铁代谢的调节
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摘  要：低氧诱导因子(hypoxia-inducible factors, HIFs)是一类介导细胞内低氧反应的核转录复合体。HIF-α和HIF-β形成有功能

的异质二聚体。哺乳动物中有HIF-1α、HIF-2α和HIF-3α。HIFs在铁代谢中发挥重要作用。受HIFs调节的铁代谢相关蛋白主

要有二价金属转运蛋白1 (divalent metal transporter 1, DMT1)、铁转出蛋白(ferroportin 1, FPN1)、十二指肠铁细胞色素b (duo-
denal cytochrome b, Dcytb)和转铁蛋白受体(transferrin receptor, TfR)。铁调素(hepcidin)和铁调节蛋白(iron regulatory proteins, 
IRPs)是调节机体与细胞内铁代谢、维持铁稳态的重要因子，同样受到HIFs的调节。本文综述了HIFs对上述铁代谢相关蛋白

的调节作用，以期为治疗铁代谢相关疾病提供可能的靶点。
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1  Hypoxia-inducible factors (HIFs)

1.1  The structures and activations of HIFs
HIFs were initially discovered as a protein complex 
that binds to the erythropoietin (EPO) gene regulatory 
sequence induced by hypoxia[1]. They are the major 

transcription factors and key regulators of the genomic 
response to hypoxia. HIFs are highly conserved tran-
scription factors that are ubiquitously expressed and are 
heterodimers whose expression are regulated by oxy-
gen[2]. The heterodimeric HIF transcription factors, 
members of the basic helix-loop-helix Per-Arnt-Sim 
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(bHLH-PAS) family[2, 3], comprise an oxygen-sensitive 
α subunit and a stable, constitutively expressed β sub-
unit, also known as the aryl hydrocarbon receptor 
nuclear translocator (ARNT) that forms a functional 
HIF[3]. Mammals contain HIF-1α[2, 4], HIF-2α[5], and 
HIF-3α[6]. HIF-α subunits are hydroxylated on two pro-
lines by iron-dependent prolyl-hydroxylases (PHD) [7, 8] 
and then degraded through the ubiquitin-proteasome 
pathway via its interaction with the von-Hippel-Lindau 
(VHL) tumor suppressor protein during normal cellular 
oxygen tension[9]. Mammalian cells contain three 
PHDs, PHD1, PHD2 and PHD3, also known as EGL 
nine homolog (EGLN)1, EGLN2, and EGLN3[10]. 
PHDs are 2-oxoglutarate-dependent dioxygenases 
which require iron binding at an active site and oxygen 
as a co-substrate to active[11]. Under normoxic condi-
tions, PHDs hydroxylate HIF α subunits at conserved 
prolines through the ubiquitin-proteasome pathway. 
Oxygen-dependent prolyl-hydroxylation is required for 
HIF to bind to VHL, and then to the E3 ubiquitin ligase 
complex, leading to rapid proteasomal degradation of 
HIF-α subunit[12–14]. Inactivation of VHL in normoxic 
cells results in HIF activation, demonstrating VHL is 
required for HIF degradation[15]. In addition, the HIF-
3α2 splice variant (IPAS) hydroxylates HIF-1α via 
asparaginyl hydroxylase factor inhibiting HIF (FIH) on 
an asparagine residue of the C-terminal domain, which 
blocks the interaction with p300 transcriptional 
co- activator. This provides a second mechanism by 
which HIF-mediated transcription is inactivated[16–19]. 
HIFs are activated under hypoxia, and pseudo hypoxic, 
or other pathological conditions mediate adaptive 
responses of cells to these states. A decrease in cellular 
oxygen or iron availability inhibits PHD-dependent 
proline hydroxylation of HIF-α subunits, leading to the 
stabilization. Following stabilization, the regulator sub-
unit accumulates and translocates into nucleus, partners 
with ARNT/HIF-β, recruits transcriptional cofactors 
such as p300/CBP[20], binds to hypoxic response ele-
ments (HREs) of target gene regulatory sequences, and 
mediates the robust induction of a battery of target 
genes to activate transcription of genes [5, 8, 14, 19].
1.2  The functions of HIFs
HIF-1α is ubiquitously expressed and transcriptionally 
upregulates a large number of genes, including those 
encoding transferrin (Tf), vascular endothelial growth 
factor (VEGF), glucose transporters, glycolytic path-
way enzymes, insulin-like growth factor-2, endothlin-1, 

and inducible nitric oxide synthetase [21, 22]. However, 
HIF-2α and HIF-3α expression is largely tissue restrict-
ed[6, 23, 24]. HIF-2α is expressed on specific cell types, 
including renal interstitial fibroblast-like cells, endothelial 
cells and glia, plays an important role in enterocyte iron 
uptake and is the primary regulator of EPO produc-
tion[5, 18, 25] . HIF-1α and HIF-2α have been extensively 
demonstrated to regulate glucose metabolism, angio-
genesis, cell survival, proliferation, migration, and HIF 
signaling way also plays an important role in inflam-
matory responses[26–28] and regulating the immune envi-
ronment[29, 30].

Although HIF-1 and HIF-2 share a high degree of 
sequence identity, and are regulated in a similar fashion, 
bind to the same HRE and share many overlapping 
genes and function, there exists specially distinct func-
tion[31]. In cancer progression, HIF-1α plays the domi-
nant role in the response to acute hypoxia, whereas 
HIF-2α drives the response to chronic hypoxia[32]. 
Importantly, depletion of one HIFα-subunit provokes a 
compensatory increase of the other one, such as some 
studies[33] reported that knockdown of HIF-1α increased 
the expression HIF-2α via the reciprocal regulatory 
mechanism, and this switch from HIF-1α to HIF-2α 
dependent ways provides a clue to suppress hypoxia- 
inducible pathways. Yu et al.[32] analyzed results of 
published reports about HIFs inhibitors for cancer therapy, 
and reported that it may be essential to target HIF-1 and 
HIF-2 together, rather than one factor, so as to suppress 
hypoxia-inducible pathways. Shah et al.[34] used the 
generation of knockout mice and tissue-specific condi-
tional mice, and reported that HIF-2α, but not HIF-1α, 
promotes iron absorption in intestine.

HIF-3 is the newest member of HIF family. A few 
studies indicate that HIF-3α have multiple variants due 
to different promoters, transcription initiation sites and 
alternative splicing[32]. Some HIF-3α variants are dominant- 
negative regulators of HIF-1/2α, while others inhibit 
HIF-1/2α actions by competing for common β-subunits[35]. 
Further studies on HIF-3α will provide new insights[31].

Inhibition of PHD activates HIF target genes and 
genetic disruption of PHDs increases expression of HIF 
and reactivates hepatic expression of EPO in mice. 
That constitutive activation of HIF can lead to inflam-
mation and cancer [10, 11, 21, 36].
1.3  Regulation of HIFs
HIFs protein levels are tightly regulated by several 
mechanisms. HIF-1α and HIF-2α are degraded through 
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the ubiquitin-proteasome pathway via PHDs interaction 
with VHL, which is mediated by E3 ubiquitin ligase[30]. 
PHDs are regulated not only by oxygen availability, 
but also by several metabolites[37]. The decreased O2 
tension or inflamed tissue promotes activation of HIFs. 
Under hypoxia conditions, HIFs are stabilized, 
dimerize with ARNT, and translocate to the nucleus to 
regulate transcription. In addition to O2-dependent reg-
ulation, inflammation intimately links to direct HIF 
regulation[38, 39]. In macrophages, bacterial lipopolysac-
charide (LPS) activates NF-κB, directly increases HIF-
1α mRNA and the expression of HIF-1α by increasing 
intracellular ferritin. And that, several cytokines and 
intermediate metabolites such as succinate can lead to 
HIF activation[40–43]. However, The cytokines such as 
IL-4 and IL-13 selectively increase HIF-2α expres-
sion[44]. Additionally, it is demonstrated that cytokine- 
induced reactive oxygen species (ROS) and specially 
mitochondrial ROS directly activate HIF, and its 
activation is modulated by mitochondrial membrane 
potential increased by mitochondrial ROS[43–45].

Iron-driven pathways specially regulate HIF-2α in 
intestine. However, chelation of iron activates both 
HIF-1α and HIF-2α in cell lines, while iron-deficient 
diets selectively induce HIF-2α expression in mice 
intestine[46–48]. Moreover, it has been demonstrated that 
iron regulatory protein 1 (IRP1) interaction is a physio-
logical regulator of HIF-2α protein expression[49, 50]. 

Besides oxygen-dependent regulation of HIF-1α, 
there are other mechanisms. Hypoxia-associated factor 
(HAF) could regulate HIF-1α protein stability, its 
action is selective for HIF-1α and it is a novel HIF-1α 
isoform specific E3 ligase[51]. Extracellular heat shock 
protein 90 (Hsp90), Hsp70 and carboxyl terminus of 
Hsp70-interacting protein (CHIP) selectively regulate 
ubiquitination and degradation of HIF-1α, but not HIF-
2α[51, 52]. In addition, phosphorylation is another mecha-
nism of HIF-α stabilization. ERK-MAPK phosphory-
lated HIF-1α, leading to HIF-1α activation[53]. HIF-1α 
and HIF-2α undergo phosphorylation by P42/44 and 
p38 kinase in vivo[53–55].

2  Iron metabolism

Iron, an essential micronutrient in all living organisms, 
is required for oxygen delivery and is a cofactor in sev-
eral enzymatic and redox reactions[56]. Seventy to 
eighty percent of iron is used for red blood cell synthe-
sis as an essential prosthetic group in hemoglobin. One 

to two milligrams of iron are lost on a daily basis, and 
intestinal iron absorption is the only known mechanism 
to recover the daily loss[57]. It is essential for many 
biological processes. Iron metabolism, oxygen homeo-
stasis and erythropoiesis are consequently strongly 
interconnected. Iron levels are controlled by a multi- 
tissue homeostatic process and need to be tightly 
regulated[56]. Iron insufficiency induces a hypoferric 
anemia in mammals, coupled to hypoxia in tissues, 
whereas excess iron is toxic, and causes generation of 
free radicals by the Fenton reaction[16, 56, 57].

Divalent metal transporter-1 (DMT1), also known as 
Nramp2, SLC11A2, and DCT1, is a member of the 
natural resistance associated macrophage protein fami-
ly[58]. It locates to cellular membranes and endosomal 
membranes, where it is a key player in non-transferrin- 
bound iron (NTBI) uptake[59]. DMT1 has 12 transmem-
brane domains, membrane targeting motifs, one con-
sensus transport motif, and two asparagine-linked 
glycosylation signals in an extra cytoplasmic loop. 
Both the N- and C-termini of the protein are located in 
the cytoplasm[60, 61]. There are four isoforms, one with 
the 3’ untranslated region (UTR) iron responsive ele-
ment (IRE) (+IRE), one without an IRE (−IRE), which 
are two alternative transcriptions. And the others are 
two additional transcripts in the 5’-regulatory regions, 
which are exon 1A and exon 1B[59, 62]. DMT1+IRE are 
localized to the cell membrane to transfer Fe2+ across 
the endosomal membrane into cytoplasm[63–67]. This 
complexity reflects the fine balance required in iron 
homeostasis, as this metal is indispensable in many cell 
functions but highly toxic when appearing in excess[61, 68].   

Ferroportin 1 (FPN1) is a transmembrane domain 
protein present within intracellular compartments as 
well as on the basolateral surface of epithelia and on 
the surface of non-polarized cells[69–71]. It is the only 
characterized, mammalian, basolateral iron exporter[72]. 
It transports Fe2+, which must be oxidized to Fe3+ by 
one of several ferroxidases that also serve to stabilize 
FPN1, before iron can bind to Tf[73–75]. FPN1 is remark-
able insofar as it is not only the effector of cellular iron 
export, but also the receptor of hepcidin, its primary 
regulator[76, 77]. 

DMT1 and FPN1 are expressed in cells that are critical 
in maintaining iron homeostasis, mainly macrophages, 
hepatocytes and enterocytes[78–85]. However, on central 
nervous system (CNS), DMT1 both with and without 
IRE are expressed in neurons, astrocytes, microglia, but 
not in oligodendrocytes[61, 86–89].
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Hepcidin (encoded by HAMP) is a 25-amino acid 
peptide, which plays a critical role in the regulation of 
iron homeostasis[82] and is produced predominately by 
the liver in response to iron stores and serum iron avail-
ability[80, 90]. It was initially discovered as an anti-micro-
bial peptide that was mainly synthesized in the liver, 
could be detected in the urine, and was induced by 
inflammation[82, 90, 91]. Shortly after its discovery, the 
link between hepcidin and iron homeostasis was 
uncovered and high systemic levels of iron increased 
the expression of hepcidin[77]. It acts as a negative regu-
lator of iron release from cells, binding with FPN1 (the 
only known mammalian iron exporter) to promote its 
rapid internalization and degradation[76, 92]. The function 
of hepcidin correlates with its expression, which is reg-
ulated by systemic levels of iron. Low systemic levels 
of iron reduce hepcidin expression and high systemic 
levels of iron increase its expression[93, 94]. Overall, hep-
cidin production simultaneously leads to decreased 
intestinal iron absorption and sequestration of iron in 
macrophages, limiting its availability for erythropoiesis[57]. 
In addition, diminished hepcidin expression permits 
more non-heme iron to be released from internal liver 
and macrophage stores and increases iron transfer 
through intestinal epithelial cells, effectively con-
trolling the bioavailable iron supply[81].

Iron regulatory proteins (IRPs), including IRP1 and 
IRP2, regulate cellular iron homeostasis. Proteins 
involved in iron uptake, storage, utilization, and export 
must be regulated in a coordinated fashion[35, 95–97]. It is 
an intricate process and their integrated regulation is 
influenced by iron at both transcriptional and post-tran-
scriptional levels[98]. More than 25 years ago, the pres-
ence of RNA motif called IRE was localized in the 3’ 
or 5’ UTR of several mRNAs involved in iron metabo-
lism and homeostasis[56]. IRP1 and IRP2 bind to IRE in 
a manner dependent on cellular iron levels[99]. Binding 
of IRPs to IREs can block translation or increase 
mRNA stability and affect levels of several proteins 
involved in iron homeostasis[98]. Intracellular levels of 
iron regulate expression and activity of IRPs. De-
creased cellular levels of iron activate IRPs. At low 
intracellular iron concentration, IRPs bind to the IRE 
of FPN1 mRNA in its 5’-UTR, and repress translation. 
Alternatively, transcripts with an IRE in the 3’-UTR of 
DMT1 are stabilized by IRPs binding. The converse 
regulation occurs in cells with high iron levels, which 
decreases IRPs function. High levels of cellular iron lead 

to assembly of iron-sulfur clusters (4Fe-4S) in the IRE 
binding pocket of IRP1, which inhibits its interaction 
with IREs. IRP2 is degraded under high concentrations 
of cellular iron. Loss of IRP1 and IRP2 activity results 
in translation of mRNAs that contain IREs in the 5’-
UTR and decreases stability of mRNAs with IRE in the 
3’UTR[100]. Both IRP1 and IRP2 are also regulated by 
nitric oxide, but in opposite ways; IRP1 is also an oxy-
gen sensor, binding to IREs in response to high oxygen 
tensions. IRP2 seems to be the predominant regulator 
of iron homeostasis in mammalian cells at physiological 
oxygen tensions[96, 98]. Even though the regulation of 
either protein is not entirely dependent on the other, it’s 
possible that similar pathways. The ability of IRPs to 
stabilize the transcript and increase protein levels of 
DMT1 could be coordinated with hepcidin-mediated 
repression of FPN1[35, 69, 72, 93, 94, 101].

IRP1 has three functional HREs in its 5’-regulatory 
region, which is regulated by the HIF-1/HRE system 
under hypoxia. There are HREs in the promoters of 
DMT1 and IREs in the 3’-UTR mRNA of DMT1. 
Therefore, DMT1 is transcriptionally regulated by HIF/
HRE system and post-transcriptionally regulated by 
IRP/IRE system[49, 102]. Cheng et al.[103] founded that 
IRP1 suppressed hypoxia-induced DMT1 expression, 
restricted intracellular iron levels, including the labile 
iron pool and total cellular iron content, and reduced 
lactate dehydrogenase (LDH) release.

In intestine, ferric iron (Fe3+) is reduced to ferrous 
iron (Fe2+) by the duodenal cytochrome b (Dcytb) (iron 
reductase) in luminal membrane cells of intestine firstly. 
Then Fe2+ enters cells through DMT1. After the iron 
enters the cells, it can be stored in ferritin or be trans-
ferred out of the cells by FPN1 in basolateral mem-
brane[104, 105].

3  HIFs and iron metabolism

HIFs play a key role in iron metabolism by regulating 
the expression of iron-related proteins, such as DMT1, 
FPN1, Dcytb, and transferrin receptor (TfR)[106, 107]. 
Hepcidin and IRPs, the central mediators for systematic 
and intracellular iron homeostasis, are also regulated by 
HIFs (Fig. 1). 
3.1  HIFs, DMT1 and FPN1
HIF-2α is the key transcription factor that promotes 
intestine iron absorption by regulating the expression 
of Dcytb, DMT1 and FPN1by binding to HREs on their 
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respective promoters[9, 31, 34, 36, 57, 78, 108]. 
The DMT1 promoter maintains HIF-2α specificity on 

a 200-bp proximal promoter region, which contains a 
HRE and adjacent binding sites for CAAT enhancer 
binding proteins[34]. Mastrogiannaki et al.[109] in their 
study suggested that the direct transcriptional regula-
tion of DMT1 by HIF-2α indicated that HIF-2α regula-
tion of DMT1 isoforms that contain IREs in their tran-
scripts operates upstream of the IRP/IRE system. In 
their study, they used conditional knockout mice of 
HIF-1α and HIF-2α in the intestine (vil-Cre+/HIF-1αfl/fl 
mice and vil-Cre+/HIF-2αfl/fl mice) to analyze the 
expression of DMT1+IRE, FPN1 and of Dcytb mRNA, 
observed that the expression of DMT1 and FPN1 sig-
nificantly decreased, as well as the decrease of Dcytb 
mRNA in the vil-Cre+/HIF-2αfl/fl mice. However, they 
didn’t observe the same effects in the vil-Cre+/HIF-1αfl/fl 
mice, suggesting that HIF-2α specifically regulates the 

expression of DMT1 and FPN1. Then they further 
found that HIF-2α bound and directly trans-activated 
the DMT1-1A promoter. They next examined the 
vil-Cre+/HIF-2αfl/fl mice after 2-month iron-deficient 
diet, and observed lower mRNA levels of DMT1 
upregulation in vil-Cre+/HIF-2αfl/fl mice compared with 
wild type (WT) mice. This study extended and con-
firmed the conclusion of Shah et al.[46] that HIFs regu-
late the expression of DMT1 and FPN1 in intestine. 

During iron deficiency, the iron-dependent PHDs 
have decreased activity, leading to HIF-2α activation[34]. 
HIF-2α was required for increases in FPN1 mRNA in 
response to acute changes in iron levels. Taylor et al.[78] 
reported that low-iron induced expression of FPN1 was 
completely lost in HIF-2αF/F mice and FPN1 mRNA 
was increased under long-term deprivation of iron in a 
HIF-2α-dependent manner. In their study, they first 
used microarray analysis and showed that FPN1 mRNA 

Fig. 1. Graphical summary about HIFs regulating iron-related proteins. HIFs regulate the expression of DMT1, FPN1, Dcytb, TfR and 
IRP1 by binding to HREs in their mRNAs. HIFs regulate the expression of hepcidin by binding to its repress promoter. IRP1 regulates 
translation of HIF-2α mRNA via its 5’-UTR IRE. DMT1: divalent metal transporter 1; FPN1: ferroportin 1; Dcytb: duodenal cyto-
chrome b; TfR: transferrin receptor; IRP1: iron regulatory protein 1; HRE: hypoxia response element; UTR: untranslated region; IRE: 
iron responsive element.
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was significantly induced in a HIF-2α-dependent manner 
following 2-weeks of a low-iron diet treatment. Then to 
confirm this result, they used qPCR to detect total FPN, 
FPN1A, and FPN1B isoforms, and no increases were 
found in the HIF-2α△IE mice (mice that lacked HIF-2α 
specifically in the intestine), however, both increased in 
the WT mice. And they used Vhl△IE/HIF-2α△IE mice to 
investigate the FPN protein expression and FPN1 
mRNA. In addition, they used qPCR ChIP analysis and 
found that HIF-2α is able to bind to the FPN1B regulatory 
region in vivo similarly to what is observed on the 
DMT1 promoter region. Above all, they demonstrated 
that acute, adaptive induction of FPN1 occurs via 
increased transcription of FPN1 and HIF-2α-dependent 
mechanism regulates that long-term responses to 
systemic iron[110]. This biphasic regulation provides an 
efficient system to maintain a rapid and sustained 
response to increase systemic iron requirements[111].

The expression of DMT1 and Dcytb were up-regulated 
via overexpression of HIF-2α under acute or long-term 
iron deprivation. In HIF-2α intestine knockout mice, 
the expression of DMT1 and Dcytb are completely 
lost [46, 109], and the adaptive increase in DMT1 and 
Dcytb following increased erythropoiesis is also lost. 
Above all, these findings demonstrated that HIF-2α, 
but not HIF-1α, directly regulates FPN1, DMT1 and 
Dcytb [46, 78, 109].

Transferrin receptor 1 (TfR1) and DMT1 are regulated 
by HIF-1α in response to hypoxia in extra-neural 
organs and cells. Yang et al.[112] demonstrated that 
hypoxia preconditioning (HP), which could produce 
significant protective effects on neuron in experimental 
cells, animals and humans[113–118], activated HIF-1α to 
increase the expressions of TfR, DMT1 and FPN1, and 
thus increased transferrin-bound iron (Tf-Fe) and 
non-transferrin-bound iron (NTBI) uptake and iron 
release in astrocytes[112]. They proposed that HP led to a 
progressive increase in cellular iron content and 
increased iron transport speed in astrocytes. However, 
our latest unpublished studies showed that HIF-2α, but 
not HIF-1α, plays a key role in regulating the expres-
sion of DMT1 and FPN1 in astrocytes under pathology. 
The effect of HIF-2α on iron metabolism of astrocytes 
is similar with small intestine, therefore, astrocytes may 
be “iron pump” and enhanced iron traffic in astrocytes 
may be the source of iron accumulated in dopaminergic 
neurons of Parkinson’s disease (PD), which is a com-
mon neurodegenerative disorder characterized in its 

late phase by the sustained loss of dopaminergic neu-
rons in the substantia nigra pars compacta (SNpc), 
selective deposition of iron in the substantia nigra (SN) 
has been observed, while no iron content increases in 
other brain regions. 

Du et al.[118] also investigated and found that HP 
increased the expression of HIF-1α as well as TfR1, 
DMT1 and FPN1, thus increased Tf-Fe, NTBI uptake 
and iron release in neurons. A progressive increase in 
cellular iron content as well as increased iron transport 
rate in neurons were observed. This work consists with 
findings of Yang et al.[112] in astrocyte, suggesting that 
increased iron transport rate and cellular iron in astro-
cytes or neurons might be one of the mechanism in 
neuroprotection or increased hypoxia tolerance in 
brain[112, 118].
3.2  HIFs and TfR
TfR, which is a membrane protein important for cellular 
iron uptake, is regulated transcriptionally through 
the binding of HIF-1 to HREs under hypoxic condi-
tions[107, 119, 120]. There are HREs in the promoters of 
TfR1, as well as IREs in 3’-UTR mRNA of TfR1, and 
IRP1 has three functional HREs in its 5’-regulatory 
region[107, 119, 120]. Therefore, TfR1 is transcriptionally 
regulated by the HIF-1/HRE system and post-transcrip-
tionally regulated by the IRP1/IRE system. Moreover, 
IRP1 is also regulated by the HIF-1/HRE system under 
hypoxia [100]. It has been proposed that hypoxia can reg-
ulate iron uptake, storage, and utilization via the HIF-1/
HRE regulatory system[120]. Bianchi et al. [119] reported 
that HIF-1 is involved in transcriptional activation of 
the TfR in response to iron deprivation. The transcrip-
tion rate of the TfR gene in isolated nuclei was up- 
regulated by treatment of Hep3B human hepatoma 
cells with the iron chelator desferrioxamine (DFO). 
They firstly observed DFO-dependent activation of a 
luciferase reporter gene in transfected Hep3B cells was 
mediated by a fragment of the human TfR promoter 
containing a putative HRE sequence. Secondly, they 
found that mutation of this sequence prevented stim-
ulation of luciferase activity. Next, they identified that, 
by competition experiments and supershift assays, 
binding to this sequence of HIF-1α was induced by 
DFO. Furthermore, in mouse hepatoma cells unable to 
assemble functional HIF-1, inducibility of TfR tran-
scription by DFO was lost, and TfR mRNA up-regu-
lation was reduced. Above all, they demonstrated that 
HIF-1 controlled TfR gene expression in conditions of 



Acta Physiologica Sinica, October 25, 2017, 69(5): 598–610 604

iron depletion. Thus, they provide the insights into the 
mechanisms of transcriptional regulation which concurs 
with the well-characterized post-transcriptional control 
of TfR expression to expand the extent of response to 
iron deficiency[119].

Previous studies demonstrated that DFO treatment 
led to deficiency in iron-reducing capacity, resulting in 
inhibition of PHD activity, induction of HIF-1α stabili-
zation, and downstream HO-1, TfR, and Tf [107, 119, 120], 
and decreased mitochondrial ROS production in primary 
neurons[45, 107, 119, 120]. Weinreb et al.[121] and Guo et al.[122] 
demonstrated that the iron chelator M30 upregulated 
HIF-1α in various brain regions of adult mice, leading 
to differentially induced levels of TfR, tyrosine hydrox-
ylase (TH), and EPO[123]. Taken together, iron chelators 
activated the transcriptional HIF-1α, upregulated TfR 
genes, and decreased iron-reducing capacity to provide 
neuroprotection. Iron chelators plays the protective role 
in neurodegenerative pathologies through the HIF-1 
signaling system[122].
3.3  HIFs, IRPs and hepcidin
Iron acts directly as a cofactor for HIF-PHD enzymes, 
and iron-driven pathways are the best-known pathways 
regulating HIF-2α in the intestine. PHD are iron-dependent 
enzymes, and iron depletion can stabilize HIF and 
activate HIF-1α and HIF-2α[2, 57, 96]. However, iron-defi-
cient diets selectively induce HIF-2α expression in 
mice intestines[46]. In addition, IRPs regulate translation 
of HIF-2α mRNA via its 5’-UTR IRE [47, 57, 124]. IRP1 
and IRP2 bind with high affinity to IREs on HIF-1α 
and HIF-2α to control iron-dependent regulation of the 
transcription. However, a high activity of the IRP1, 
which is the major regulator of the HIF-2α translation, 
leads to the inhibition of HIF-2α, but not HIF-1α[47]. 
Recent study[125] demonstrated that IRP1 interaction is a 
physiological regulator of HIF-2α protein expression. 
Irp1- (but not Irp2-) knockout mice led to selective 
HIF-2α activation and increased expression of HIF-2α 
target genes. Three research groups[48, 126, 127] found that 
IPR1 but not IRP2 knockouts increased HIF-2α mRNA 
in IRP1 global knockout mice. Furthermore, Shah and 
Xie[57] showed low levels of iron in the intestine led to 
activation of HIF-2α and upregulations of DMT1, 
FPN1 and Dcytb, which are HIF-2α target genes. 
Another research groups[93, 128] demonstrated that 
following iron deficiency, the expression of hepcidin 
decreased in liver and the expressions of DMT1, Dcytb 
and FPN1 increased in intestine. 

On the other hand, IRP1 has three functional HREs 
in its 5’-regulatory regions, and Luo Q et al.[129] demon-
strated that the HRE of IRP1 5’-regulation regions 
could combine with HIF-1 in vitro. HIF-1α regulates 
IRP1 by directly binding to its HREs of 5’-regulatory 
regions.

HIFs regulate hepcidin transcription by directly binding 
to and repressing its promoter[19]. Some studies have 
suggested direct regulation of hepcidin by HIF-1α. In 
normoxic or iron-sufficient conditions, HIF-1α associ-
ates with VHL protein that promotes HIF-α subunit 
degradation. In hypoxia or iron deficiency, the hydrox-
ylases are inactive, and the regulatory subunit accumu-
lated, translocated into the nucleus, associated with 
HIF-1β and bound to promoter elements to modulate 
gene transcription[33]. The link between HIF and hepcidin 
demonstrated that HIF-1α bound to HREs of Hamp 1 
promoter and decreased its transcription[19]. In in vivo 
studies, Peyssonnaux et al.[56] found that conditional 
disruption of liver VHL mice (alb-cre/vHLflox/flox), 
which is the E3 ligase responsible for degradation of 
HIF-1α and HIF-2α, under iron deficient conditions 
showed a significant decrease in hepcidin level, 
an increase in HIF-1α level, and an increase in FPN1, 
suggesting the effect of the stabilization of HIF 
transcription factors on metabolism through hepcidin 
regulation. Fleming[77] also showed that stabilization of 
HIF in hepacytes increases FPN1 expression. Thus, a 
HIF-dependent FPN1 mRNA upregulation or/and a 
post-translational stabilization of FPN1 and deletion of 
vHL could prevent an ubiquitin-mediated degradation 
of FPN1. These works confirmed that the specific role 
of IRP1 and not IRP2 in regulation of HIF-2α expres-
sion, but not other HIFs[98].

It also has been demonstrated that hypoxia can 
increase iron uptake by cells as well as the expression 
of IRP1, IRP2 and DMT1. Hypoxia inhibited degradation 
of HIF-1α, which downregulated IRP1 expression. 
However, Luo et al.[130] recently found that hypoxia 
inhibited degradation of HIF-1α, leading to a decrease 
first and then increase, rather than a stable decrease, in 
IRP1 expression. Moreover, they used HIF-1α and/or 
HIF-2α siRNA in HepG2 cells under hypoxia for 4, 8, 
12, and 24 h, further demonstrated that under hypoxia, 
expression of IRP1 is regulated by not only HIF-1 but 
also phosphorylation of the transcription factor cyclic 
AMP response element-binding protein (pCREB), 
which is crucial for stimulus-transcription coupling. 
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They suggested that HIF-1 plays its role in the early 
phase, while pCREB plays its role in the late phase of 
hypoxia[130].

4  Conclusion

HIFs are essential in regulating iron metabolism by 
combining with HRE. Hypoxia activated HIF-1α, and 
erythropoiesis, oxidative stress activated HIF-2α. HIF-
1α and HIF-2α were activated by iron deficiency. 
HIF-2α-specific inhibitors have been characterized and 
may be useful for treatments in iron overload diseases, 
and several PHD inhibitors that activate HIF-2α are 
under preclinical or clinical investigation for potential 
therapeutic use in the treatment of iron-related diseases[32]. 
It is also important to learn more about new generation 
of HIF modulators, to determine if they might be effec-
tive therapeutics for iron-related disorders. 
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