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Iron is a micronutrient fundamental for life. Iron homeostasis
in mammals requires sustained postnatal intestinal iron absorp-
tion that maintains intracellular iron concentrations for central
and systemic metabolism as well as for erythropoiesis and oxy-
gen transport. More than 1 billion people worldwide suffer from
iron deficiency anemia (IDA), a state of systemic iron insuffi-
ciency that limits the production of red blood cells and leads to
tissue hypoxia and intracellular iron stress. Despite this tremen-
dous public health concern, very few genetic models of IDA are
available to study its progression. Here we developed and char-
acterized a novel genetic mouse model of IDA. We found that
tamoxifen-inducible deletion of the mammalian iron exporter
ferroportin exclusively in intestinal epithelial cells leads to loss
of intestinal iron absorption. Ferroportin ablation yielded a
robust phenotype of progressive IDA that develops in as little
as 3 months following disruption of intestinal iron absorp-
tion. We noted that, at end-stage IDA, tissue-specific tran-
scriptional stress responses occur in which the heart shows
little to no hypoxic and iron stress compared with other
peripheral organs. However, morphometric and echocardio-
graphic analysis revealed massive cardiac hypertrophy and
chamber dilation, albeit with increased cardiac output at very
low basal heart rates. We propose that our intestine-specific
ferroportin knockout mouse model of end-stage IDA could be
used in future studies to investigate IDA progression and cell-
specific responses to hypoxic and iron stress.

Iron is an essential micronutrient to sustain life, from single-
cell bacteria to complex multicellular organisms. In mammals,
systemic iron homeostasis requires multiple organs working in
concert to maintain red blood cell (RBC)2 levels for oxygen

transport and intracellular iron concentrations for redox and
metabolic reactions (1). More than 2 billion people are affected
by iron deficiency worldwide, and 1 billion suffer from iron
deficiency anemia (IDA) (2). In IDA, iron absorption is limited
to an extent that restricts the production of RBCs, ultimately
leading to decreased transport of systemic oxygen and the
development of intracellular iron stress (3). IDA is more common
in developing countries, where it is mainly caused by inadequate
dietary consumption of iron but also by blood loss because of intes-
tinal worm colonization (4). In more developed countries, dietary
eating habits, such as vegetarianism, as well as pathologic condi-
tions that cause bleeding or malabsorption are common causes (4).
Patients with IDA are typically treated with dietary iron. A sig-
nificant number of IDA patients are refractory to oral iron
supplementation, known as iron-refractory IDA (IRIDA) (5).
IRIDA patients require intravenous iron supplementation. If
uncorrected, IDA can result in severe fatigue, weakness, and
pathological cardiac complications (6, 7).

Our group, among others, has unveiled that systemic iron
homeostasis is regulated in mammals by a heterotissue cross-
talk mechanism involving the liver-derived hormone hepcidin
and the intestinal transcription factor hypoxia-inducible factor
2� (HIF-2�) (8 –12). The function of hepcidin is to bind to the
only mammalian iron exporter, ferroportin (Fpn), resulting in
internalization from the plasma membrane, intracellular deg-
radation, and an increase in intracellular iron levels (13). Intes-
tinal HIF-2� is a cellular iron sensor that transcriptionally
activates machinery essential for iron absorption in normal
physiology and in disease (14). We recently identified that these
pathways are integrated; HIF-2� activity is controlled by hep-
cidin/ferroportin dynamics in the intestine following down-
stream changes to intestinal epithelial iron concentrations
(9). Therefore, in states of normal systemic iron and oxygen,
hepatic hepcidin is abundantly produced, and HIF-2�–
mediated intestinal iron absorption is restricted. Conversely,
during iron demand or systemic hypoxia, hepcidin production
is repressed, intestinal ferroportin is stabilized, and intestinal
HIF-2� becomes transcriptionally active and up-regulates
genes that drive iron absorption. The hepcidin/ferroportin/
HIF-2� axis is perturbed in nearly all known iron-related dis-
orders (9, 14). In the context of IDA, a genetic origin was
recently discovered that is characterized by hyperactivation of
this pathway following mutation to TMPRSS6 in both mice and
humans (15, 16). TMPRSS6 is a negative regulator of hepcidin
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production that, when lost, leads to chronic degradation of fer-
roportin and progressive and robust IRIDA.

Despite the public health significance of IDA, very little is
understood about the kinetics of disease progression and the
impact of extreme iron and hypoxic stress on different cell
types. Several reports have investigated the role of low iron
during development and in the early postnatal period (17, 18);
however, these manipulations result in developmental abnor-
malities and cognitive defects that confound analysis. Further,
there are few and poorly characterized genetic models that give
rise to severe IDA in mice. Long-term dietary manipulation of
iron levels in adult mice can lead to IDA, but this model is
variable, and it is difficult to generate a state of end-stage IDA
(11). Recent reports have uncovered organ-specific regulatory
mechanism of iron homeostasis, particularly in the heart, where
a local source of hepcidin is produced to specifically regulate
cardiac ferroportin and organ-specific iron homeostasis (19).
However, a systematic analysis of cardiac structure, function,
and iron and hypoxia sensing during IDA has not been
reported. It also remains unclear whether other organs respond
similarly through unique mechanisms in IDA.

This paper established an inducible and novel model of pro-
gressive end-stage IDA in mice in as little as 3 months. Through
temporal in vivo deletion of ferroportin exclusively in the intes-
tinal epithelium, this work characterized the kinetics by which
IDA progresses following ablation of intestinal iron absorption.
In end-stage IDA, tissue-specific hypoxic and iron stress
responses were observed; the heart showed relatively little
direct hypoxic or iron stress responses despite development of
cardiomegaly and cardiac chamber dilation. Echocardiogram
analysis in these mice established that IDA decreases the heart
rate but with an increased stroke volume, cardiac output, and
ejection fraction. Collectively, these data characterized organ-
specific stress responses and the cardiac pathologies of IDA in
detail. This novel model of IDA can be used to study disease
progression and organ-specific responses to iron and hypoxic
stress as well as therapies for IRIDA.

Results

Inducible deletion of intestinal epithelial ferroportin in adult
mice leads to end-stage iron deficiency anemia

To study the kinetics by which IDA progresses in mice with
loss of intestinal iron absorption, Fpn-floxed mice were bred to
mice that express a tamoxifen-inducible, intestinal epithelium-
specific Cre recombinase (VilCreERT2;Fpnfl/fl), giving rise, upon
tamoxifen treatment, to mice null for ferroportin in the intes-
tinal epithelium (Fpn�IE) (9). Adult 2-month-old Fpnfl/fl and
VilCreERT2;Fpnfl/fl mice were injected with tamoxifen (n � 4,
respectively), bled 3 months later to assess blood iron parame-
ters, and then closely monitored until visible phenotypic symp-
toms of IDA arose (Fig. 1A). Six months following tamoxifen
injection, Fpn�IE mice began to lose their hair and develop
white, translucent paws; all animals were therefore sacrificed at
this time point (Fig. 1B). The ferroportin protein was still absent
in duodenal sections of Fpn�IE mice 6 months following tamox-
ifen treatment compared with Fpnfl/fl mice (Fig. 1C). Complete
blood count analysis 3 and 6 months following tamoxifen injec-

tion revealed robust progressive IDA; RBC numbers, Hb
counts, and hematocrit (HCT) were significantly decreased in
Fpn�IE mice compared with Fpnfl/fl littermates, whereas mean
corpuscular volume (MCV) and mean corpuscular hemoglobin
(MCH) increased from the 3- to 6-month time point, indicating
expansion of the reticulocyte pool (Fig. 1D). Methylene blue
staining confirmed a marked expansion of reticulocytes and an
overall decrease in cellularity in Fpn�IE mice (Fig. 1E). These
data demonstrate that complete ablation of intestinal iron
absorption by intestinal epithelial ferroportin deletion in adult
mice results in severe IDA in 6 months.

Severe iron deficiency anemia leads to inflammation and
necrosis in the liver but spares other organs involved in iron
homeostasis

To assess the effect of end-stage IDA on organs involved in
maintaining systemic iron homeostasis, the liver, spleen, and
duodenum were histologically analyzed by H&E. The spleen
was devoid of its red pulp in Fpn�IE mice (Fig. 2A). Interestingly,
the duodenum was unaffected, potentially explained by the
short lifespan of the intestinal epithelium, which is �3 to 5 days
(Fig. 2A). Interestingly, the liver exhibited robust morphologi-
cal damage, including signs of inflammation and necrosis (Fig.
2A). To further assess this phenotype, higher-magnification
images were taken of liver H&E stains and coupled to picro-
sirius red staining to reveal collagen deposition and fibrosis. As
shown in Fig. 2B, Fpn�IE mice displayed marked collagen dep-
osition, particularly surrounding and extending from central
veins. Further assessment of the liver revealed inflammatory
foci and necrotic areas (Fig. 2C). An assessment of inflamma-
tory transcripts indicated that IDA primarily activates Tgf� and
Il6 expression in the liver (Fig. 2D). Collectively, these data
demonstrate that, among the major players in systemic iron
homeostasis, end-stage IDA mostly impacts the liver, resulting
in inflammation, necrosis, and activation of Tgf� and Il6.

End-stage iron deficiency anemia activates a hypoxic
transcriptional response in the intestine

IDA starves tissues and cells of both iron and oxygen, which
are substrates that control the protein stability of HIF-1� and
HIF-2� (20). Intestinal iron absorption requires HIF-2�, the
master intestinal transcriptional regulator of apical and baso-
lateral iron transport. We recently showed that the canonical
intestinal HIF-2� response is downstream of liver hepcidin
kinetics during both iron deficiency and iron overload (9). This
axis selectively activates HIF-2� during systemic iron demand,
but not HIF-1�, via ferroportin-mediated iron efflux, a re-
sponse that can be blunted by intracellular iron retention. This
work suggests that intestinal epithelial iron levels are the pri-
mary stimulus that controls the oxygen-sensitive transcription
factor HIF-2� during states of systemic hypoxia. In this study,
we sought to investigate the transcriptional response of intesti-
nal hypoxic machinery in end-stage IDA. The duodenal ferro-
portin (Fpn) transcript was significantly reduced in Fpn�IE mice
(Fig. 3A), confirming efficient recombination 6 months follow-
ing tamoxifen treatment. Interestingly, activation of iron-
absorptive, HIF-2�–specific iron target genes was observed
(Dcytb, Dmt1, and Ankrd37), whereas there was no change in
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the expression of the duodenal transferrin receptor (Tfrc), an
indicator of cellular iron status (Fig. 3A). Staining of duodenal
sections revealed that the HIF-2� protein was massively stabi-
lized in Fpn�IE mice (Fig. 3B). The intracellular iron storage
protein ferritin (FTN) was elevated in Fpn�IE mice, confirming
iron retention despite systemic IDA (Fig. 3C). The HIF-1�–
specific target genes Pdk1, Pgk1, Bnip3, and Ndufa4l2, which
are readouts of intracellular hypoxia, were all elevated (Fig. 3D).
Last, there was no change in HIF-2�–regulated inflammatory
genes (Fig. 3E). These data indicate that, despite intestinal epi-
thelial iron retention, end-stage IDA generates a state of intes-
tinal hypoxia that is sufficient to activate HIF-2�–specific iron

target genes and HIF-1�–specific target genes but not HIF-2�–
regulated inflammatory target genes.

Severe iron deficiency anemia leads to tissue-specific hypoxic
and iron stresses that spare the heart

In response to low intracellular oxygen, cells up-regulate
anaerobic glycolysis to sustain energy production, a process
that is primarily mediated by transcriptional up-regulation of
glycolytic genes via HIF-1� activity (21). The transcriptional
response to low intracellular iron is regulated primarily by
HIF-2� (14). We sought to address the HIF-1� and HIF-2�
transcriptional response in peripheral tissues during IDA to

Figure 1. Intestinal epithelial ferroportin deletion in adult mice gives rise to progressive and end-stage iron deficiency anemia. A, schematic of the
experimental design. Mo, month. DOB, date of birth; CBC, complete blood count. B, gross images of Fpnfl/fl and Fpn�IE mice 6 months after tamoxifen
administration. C, representative ferroportin staining in duodenal sections of Fpnfl/fl and Fpn�IE mice; images at �40, scale bars � 100 �m. DAPI, 4�,6-diamidino-
2-phenylindole. D, analysis of RBCs, Hb, HCT, MCH, and MCV 3 and 6 months following tamoxifen injection. E, representative methylene blue staining for
reticulocytes; images at �60, scale bars � 150 �m. Mean � S.E. are plotted. **, p � 0.01; ***, p � 0.001; ****, p � 0.0001 compared between Fpnfl/fl and Fpn�IE

cohorts within each time point using two-tailed unpaired t test. #, p � 0.05; ##, p � 0.01 compared between individual Fpn�IE mice at the 3- and 6-month time
points using two-tailed paired t test.
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assess relative oxygen and iron stress responses. In general,
there was significant activation of HIF-1� and HIF-2� target
genes in all tissues other than the heart (Fig. 4, A and B). Of note,
expression of erythropoietin (Epo), a hormonal signal that
increases RBC production, was significantly elevated in the kid-
neys of Fpn�IE mice, which is a process thought to be repressed
during IDA (22–24). Recent literature has demonstrated that
the heart maintains iron homeostasis by producing a local
source of hepcidin that controls cell-autonomous ferroportin
and cardiomyocyte iron levels. We did not observe a significant

increase in hepcidin gene (Hamp) expression in the heart dur-
ing IDA (Fig. 4C). Collectively, these data demonstrate that IDA
engenders hypoxic and iron stress across peripheral tissues
other than the heart, which further confirms a unique local
mechanism of iron homeostasis in cardiomyocytes.

Iron deficiency anemia leads to cardiac remodeling and
pathologies in cardiac structure and function

Patients that suffer from IDA develop cardiac complications
(6, 7). Given the unique iron-regulatory mechanisms in the

Figure 2. Histological analysis of peripheral organs involved in iron homeostasis reveals inflammation and necrosis in the liver. A, representative H&E analysis
of liver at �5 (scale bars � 50 �m) and spleen and duodenum at �20 (scale bars � 200 �m) from Fpnfl/fl and Fpn�IE cohorts. B, representative H&E and picrosirius red
analysis of liver from Fpnfl/fl and Fpn�IE cohorts; images �20, scale bars � 200 �m. C, additional representative H&E images of liver from Fpn�IE cohorts; images at �20,
scale bars � 200 �m. D, qPCR analysis of inflammatory genes in livers of Fpnfl/fl and Fpn�IE cohorts. All data are from mice 6 months post-tamoxifen treatment. Mean�
S.E. are plotted. Significance was determined using two-tailed unpaired t test. *, p � 0.5 compared between Fpnfl/fl and Fpn�IE cohorts.
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heart, we sought to characterize this phenotype by in vivo echo-
cardiogram technology 6 months after tamoxifen administra-
tion. Forty-eight hours before sacrifice, M-mode echocardio-
graphic analysis revealed increases in septum and posterior wall
thickness as well as thickening of papillary muscles in Fpn�IE

mice (Fig. 5A). Quantitatively, the cardiac structure was tre-

mendously altered, with increases in left ventricular mass, left
ventricular volume, interventricular septum, and posterior wall
thickness at diastole as well as ascending aorta diameter (Fig.
5B). Interestingly, the heart rate was decreased in the Fpn�IE

mice despite increases in stroke volume, cardiac output, ejec-
tion fraction, and peak velocity in the aorta, confirming disrup-

Figure 3. Iron deficiency anemia leads to transcriptional activation of iron and hypoxic target genes in the intestine despite intestinal epithelial iron
retention. A, qPCR analysis for duodenal HIF-2�–specific and iron-handling transcripts. B, representative HIF-2� staining in duodenal sections of Fpnfl/fl and
Fpn�IE mice; images at �40, scale bars � 100 �m. DAPI, 4�,6-diamidino-2-phenylindole. C, Western blot analysis and quantification of duodenal FTN abundance.
Rel., relative. D, qPCR analysis of duodenal HIF-1�–specific transcripts. E, qPCR analysis of duodenal HIF-2�–specific and inflammatory transcripts. All data are
from mice 6 months post-tamoxifen treatment. Mean � S.E. are plotted. Significance was determined using two-tailed unpaired t test. *, p � 0.5; **, p � 0.01;
***, p � 0.001; ****, p � 0.0001 compared between Fpnfl/fl and Fpn�IE cohorts.
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tion of cardiac function (Fig. 5C). Heart iron content was
decreased by about 50% despite a quadrupling of left ventricular
mass (Fig. 5D). Decreases in liver, spleen, and kidney iron con-
tent were also observed (Fig. 5D). These data, in connection
with the data above, demonstrate that IDA does not lead to
cardiac hypoxia or iron stress despite tremendous cardiomeg-
aly and perturbation of cardiac function.

Ablation of intestinal epithelial ferroportin in young mice
leads to more rapid iron deficiency anemia

To determine whether there was an age effect on the devel-
opment of IDA following loss of intestinal ferroportin, 2.5-
week-old Fpnfl/fl and VilCreERT2;Fpnfl/fl mice were injected with
tamoxifen and monitored closely (Fig. 6A). By 3 months follow-
ing treatment, Fpn�IE mice began to display similar phenotypic
changes to the aforementioned adult cohort (e.g. hair loss, white
paws, etc.) and were euthanized. The ferroportin protein was
absent in duodenal sections of Fpn�IE mice (Fig. 6B). Further-
more, the ferroportin transcript was significantly decreased in
this Fpn�IE cohort (Fig. 6C). Complete blood count analysis
revealed robust IDA; RBC, Hb, HCT, MCH, and MCV were all
significantly decreased in Fpn�IE mice compared with Fpnfl/fl

littermates, to the same extent as adult mice 6 months following

treatment (Fig. 6D). Furthermore, heart mass normalized to
tibia length was increased already 3 months after tamoxifen
injection, indicating cardiac hypertrophy (Fig. 6E). These data
demonstrate that young mice progress to IDA more rapidly by
intestinal ferroportin ablation than adult mice and that this
genetic model of severe IDA with cardiomegaly can be made
more rapid by treating young VilCreERT2;Fpnfl/fl mice with
tamoxifen.

Discussion

A constant influx of postnatal intestinal iron is critical to
maintain intracellular iron concentrations for metabolism and
erythropoiesis for systemic oxygen transport in mammals.
However, iron deficiency remains the most common nutrient
deficiency in humans, affecting nearly 2 billion people world-
wide (4). Of these, over 1 billion people suffer from IDA, a state
of iron insufficiency that limits the production of RBCs and
results in systemic tissue hypoxia and intracellular iron stress
(2). Few model systems exist to study the kinetics of IDA and
the effect of extreme iron and oxygen stress on peripheral tis-
sues. This work demonstrates a temporal model of severe IDA
in mice via tamoxifen-inducible ablation of ferroportin in the
intestinal epithelium. In as little as 3 months, severe end-stage

Figure 4. The heart is spared from hypoxic and iron stresses that affect peripheral tissues during iron deficiency anemia. A, qPCR analysis of HIF-2�–
specific and iron-handling transcripts in the liver, heart, spleen, and kidney. B, qPCR analysis of HIF-1�–specific transcripts in the liver, heart, spleen, and kidney.
C, qPCR analysis of hepcidin (Hamp) in the liver, heart, spleen, and kidney. All data are from mice 6 months post-tamoxifen treatment. Mean � S.E. are plotted.
Significance was determined using two-tailed unpaired t test. *, p � 0.5; **, p � 0.01; ****, p � 0.0001 compared between Fpnfl/fl and Fpn�IE cohorts within each
tissue group.
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IDA was observed when 2.5-week-old VilCreERT2;Fpnfl/fl mice
were treated with tamoxifen. We discovered tissue-specific
activation of hypoxic and iron transcriptional stress responses
where the heart is largely spared compared with other periph-
eral organs. This transcriptional phenomenon was observed
despite the quadrupling of left ventricular mass, significant
increases in cardiac output, and development of cardiomegaly,
as revealed by in vivo echocardiogram. We also demonstrate
that severe IDA can activate the HIF-2� iron-absorptive tran-
scriptional program in the intestine despite a surplus of intra-
cellular iron. Collectively, this work reveals a robust and reliable
model to study IDA, tissue-specific responses to iron and oxy-
gen stress, and the mechanisms of cardiac remodeling in iron-
related disorders.

Previous models that give rise to IDA in mice have utilized
strategies of dietary iron manipulation or genetic deletion of
iron handling in the embryo (6, 11, 17, 18). However, mice are
extremely resistant to IDA when placed on iron-deficient diets
(9, 11). This can be explained, at least in part, by iron contami-
nation in proprietary diets. The ubiquitous nature of iron-con-
taining proteins complicates the ability to remove iron from
these diets, leaving behind sufficient iron levels to maintain
systemic iron homeostasis for extended periods of time.
Genetic models that manipulate intestinal iron absorption have
relied on embryonic knockout strategies (18, 25). These models
dramatically disrupt embryonic and postnatal development, as
disruption to iron homeostasis early in life can affect organ
development and overall cognitive function (17). Our present

Figure 5. Echocardiogram analysis of iron deficiency anemia reveals cardiomegaly and disruption of cardiac function. A, M-mode images from echo-
cardiogram analysis in Fpnfl/fl and Fpn�IE mice with end-stage iron deficiency anemia. B, quantification of cardiac structure parameters: left ventricular mass (LV
Mass), left ventricular volume at diastole (LV Vol. Diastole), interventricular septum width at diastole (IVS Diastole), posterior wall thickness at diastole (PW
Diastole), and ascending aorta diameter (AoV Diam.). C, quantification of cardiac function parameters: heart rate (HR), stroke volume (SV), cardiac output (CO),
ejection fraction (EF), and aorta velocity peak gradient (Ao Peak Vel.). D, heart, liver, spleen, and kidney iron content. All data are from mice 6 months
post-tamoxifen treatment. Mean � S.E. are plotted. Significance was determined using two-tailed unpaired t test. *, p � 0.5; **, p � 0.01; ****, p � 0.0001
compared between Fpnfl/fl and Fpn�IE cohorts
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model of IDA allows postnatal development and the establish-
ment of proper iron homeostasis before inducing a disease
state. Surprisingly, mouse survival appeared to be unaffected
despite mean hemoglobin levels of less than 5 g/dl and mean
hematocrits of less than 12%. The lowest observed hematocrit
was 6.5%. Previous experiments in anesthetized animals with
isovolumic anemia have shown that oxygen delivery can be
maintained to approximately similar Hb concentrations (3–5
g/dl) and hematocrits (10%–15%), but organ function starts to
decline near these values and is correlated with development of
lactic acidosis (26). Furthermore, the progressive nature of this
genetic model allows temporal characterization of IDA in ways
never executed before. This model is limited, however, because
it recapitulates IRIDA, a rare phenotype of IDA that is refrac-
tory to oral iron supplementation because of the inability to
absorb intestinal iron. Future work will need to carefully
describe IDA progression and more clearly define the mecha-
nisms behind disparate intracellular stress responses in periph-
eral tissues.

In addition to the hepcidin/ferroportin/HIF-2� axis that reg-
ulates systemic iron homeostasis, there exists a ubiquitous cell-
autonomous mechanism of intracellular iron sensing and reg-
ulation via iron-regulatory protein (IRP) and iron response
element (IRE) machinery. This system controls cellular iron
homeostasis by modulating the translation of mRNAs involved
in iron handling via binding of IRPs with IREs in the 5� or 3�
UTR of these transcripts. Erythropoietin (EPO), an endocrine
hormone produced by the kidney to drive RBC production in
the bone marrow, is a classical HIF-2� target gene regulated by
systemic hypoxia (24, 27). HIF-2� contains a 5� UTR IRE that is
responsible for translational inhibition during states of iron
deficiency (22–24). This IRP/IRE interaction is thought to serve
as a molecular brake on HIF-2�–mediated kidney EPO expres-
sion to restrict RBC production when iron levels are limited for
hemoglobin synthesis. Surprisingly, we found in this work that
the Epo transcript is induced 1000-fold despite severe kidney
iron deficiency in IDA. This finding may indicate that the IRP/
IRE system is an insufficient mechanism to dampen HIF-2� in

Figure 6. End-stage iron deficiency anemia develops more rapidly when induced in young mice. A, schematic of the experimental design. DOB, date of
birth. B, representative ferroportin staining in duodenal sections of Fpnfl/fl and Fpn�IE mice; images at �40, scale bars � 100 �m. C, qPCR analysis of the
duodenal Fpn transcript in Fpnfl/fl and Fpn�IE mice. D, analysis of RBCs, Hb, HCT, MCH, and MCV. The dashed lines indicate 6-month values observed in the
experiment with Fpn�IE adult mice reported in Fig. 1. E, heart mass normalized to tibia length. All data are from mice 3 months post-tamoxifen treatment.
Mean � S.E. are plotted. Significance was determined using two-tailed unpaired t test. **, p � 0.01; ***, p � 0.001; ****, p � 0.0001 compared between Fpnfl/fl

and Fpn�IE cohorts.
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the kidney during the severe disease state of IDA. Moreover,
high EPO production in IDA is likely a pathological feature
where red blood cell production is continually attempted
despite insufficient circulating iron levels. This finding may
explain the expansion of reticulocytes we observed. In addition
to IRE/IRP machinery, HIF-2� is also regulated at the posttran-
scriptional level by PHD enzymes, where intracellular iron defi-
ciency limits PHD enzyme activity to stabilize the HIF-2� pro-
tein (9). It is therefore possible that a hepcidin/ferroportin/
PHD axis may exist in EPO-producing cells in the kidney,
similar to the intestine, where the hepcidin/ferroportin/PHD
induction of HIF-2� outweighs the IRP/IRE break on HIF-2� in
contexts when both pathways are active. In the intestine, the
dominance of the hepcidin/ferroportin/PHD axis over IRP/IRE
machinery enables HIF-2� protein stabilization and an increase
in iron absorption during states of iron deficiency. However, in
the kidney during IDA, the interplay between these pathways
appears to be pathological, given the inappropriate, sustained,
and paradoxical production of EPO. More work will need to be
done to understand the complete molecular mechanisms of
Epo expression during normal physiology and in disease states
such as IDA.

Transcriptional stress responses to states of low intracellular
oxygen are mediated by the family of hypoxia-inducible factors;
namely, HIF-1� and HIF-2�. These transcription factors acti-
vate unique and overlapping target genes to up-regulate anaer-
obic glycolysis and modulate cellular metabolism to survive in
low oxygen environments (14, 20, 21). Our laboratory, among
others, has shown that HIF-2�, but not HIF-1�, is a direct cel-
lular iron sensor (10, 12). More recently, we revealed that intes-
tinal HIF-2� is primarily regulated by intracellular iron levels
during states of systemic iron demand; the canonical and phys-
iological HIF-2� response can be blunted by a state of intracel-
lular iron excess (9). Interestingly, we show in this work that the
intestinal HIF-2� iron-absorptive transcriptional program is
active during severe IDA despite excess intracellular iron fol-
lowing ferroportin ablation. This finding suggests that, al-
though intestinal HIF-2� is mainly responsive to intracellular
iron levels in physiological iron demand, HIF-2� maintains an
oxygen-sensing capacity during severe tissue hypoxia in IDA.
Interestingly, HIF-2� transcriptional targets involved in
inflammation were not active despite activation of iron-absorp-
tive genes. This finding is in line with recent work showing that
HIF-2� functions with cofactors and other transcriptional part-
ners to regulate subsets of target genes when the protein is
stabilized (28, 29). Future work will need to define how specific
HIF target genes are regulated during unique environmental
ques as well as the relative contribution of HIF-2� oxygen and
iron sensing in different cells and tissues.

Cardiac structure and function are perturbed in iron-related
disorders, including iron deficiency, iron overload, and anemia.
In IDA in humans, the heart undergoes massive cardiac hyper-
trophy and remodeling to increase cardiac output and prolong
survival when systemic oxygen transport becomes limited (30,
31). A recent study comparing genetic models of sickle cell ane-
mia with diet-induced IDA in adult mice showed that, after 3
months of anemia (5–9 g/dl Hb with a IDA target of 7.5 g/dl
Hb), both models develop a high-output functional state in the

heart (32). However, although sickle cell anemia produced
more severe restrictive cardiomyopathy with fibrotic remodel-
ing, this study reported that 3 months of IDA beginning at 5
months of age failed to produce significant cardiac hypertrophy
(32). This is consistent with our findings of a more slowly pro-
gressing IDA phenotype in adult mice and suggests that hemo-
globin concentrations of less than 5 g/dl and hematocrits of less
than 15% in IDA are required to induce significant cardiac
hypertrophy. Interestingly, the cardiac hypertrophy in IDA can
be explained, at least in part, simply by decreases in cardiac iron
stores because genetic disruption of serum uptake of iron
exclusively in cardiomyocytes leads to cardiac hypertrophy
(33). Using in vivo echocardiograms, in this work we detail the
structural and functional changes that occur in the heart during
severe IDA. We observed structural changes that include qua-
drupling of left ventricular mass and increases in left ventricular
volume and posterior wall thickness at diastole. We also ob-
served increases in cardiac output and stroke volume despite a
decrease in heart rate and total heart iron content. Interest-
ingly, despite these pathophysiological changes, the heart was
largely spared from transcriptional stress responses down-
stream of HIF that would demonstrate tissue hypoxia and iron
stress. Recent literature has revealed that cardiomyocytes rely
on cell-autonomous mechanisms to control iron homeostasis
in the heart that are distinct from systemic mechanisms of iron
homeostasis (19). Although normal mice do not normally show
lower arterial blood oxygen saturation or heart rate under the
1%–1.5% isoflurane conditions used here for the cardiac func-
tion studies (34 –36), we cannot rule out that IDA mice are
more susceptible to subtle effects of isoflurane on arterial blood
oxygen saturation. We note that the mice in this work were
maintained on 1%–1.5% isoflurane delivered in 100% oxygen
carrier gas even though room air is sufficient to maintain arte-
rial oxygen saturation in isoflurane-anesthetized WT mice (35).
Taken together, these data may suggest that cell-autonomous
mechanisms of cardiac iron handling are sufficient to prevent
overt iron and oxygen stress during IDA. Moreover, it is possi-
ble that the heart is somehow spared by peripheral organs and
that serum iron and oxygen are redirected to the heart during
stress. Future work will need to identify the signaling pathways
that mediate the robust cardiac remodeling that is observed in
IDA as well as the complete molecular mechanisms of cardiac
iron homeostasis that prevent hypoxic and iron transcriptional
stress responses.

In conclusion, our work demonstrates a novel, robust, and
inducible model of IDA in mice. We provide new insights into
the molecular mechanisms of HIF signaling and IRP/IRE kinet-
ics. We also characterize the cardiac changes of IDA and unveil
unique tissue-specific transcriptional stress responses across
peripheral tissues during hypoxic and iron stress.

Experimental procedures

Animals and treatments

VilCreERT2;Fpnfl/fl mice were described previously (9). Anal-
ysis began on mice that were either 2.5 weeks or 8 weeks of age,
as indicated. Mice were injected with tamoxifen (Sigma-Al-
drich, St. Louis, MO) at 100 mg/kg of body weight i.p. for three
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consecutive days to ensure Cre-mediated recombination. All
mice were fed with standard chow (Research Diets, New Bruns-
wick, NJ) unless indicated as being fed a purified AIN-93G iron-
replete (350 ppm) or low-iron (�5 ppm) diet (Dyets, Bethle-
hem, PA). For intestinal protein and RNA analysis, duodenal
epithelial scrapes were performed; the intestine was opened
flat, and a microscope slide was used to scrape and collect epi-
thelial cells, leaving behind the submucosa. All mice were
housed at the Unit for Laboratory Animal Management at the
University of Michigan. All animal studies were carried out in
accordance with Institute of Laboratory Animal Resources
guidelines and approved by the University Committee on the
Use and Care of Animals at the University of Michigan (proto-
col PRO00008292).

Hematological and iron analysis

The Unit for Laboratory Animal Medicine Pathology Core at
the University of Michigan performed complete blood count
analysis. Nonheme iron was quantified as described previously
(9). Briefly, tissues were homogenized at 100 �l/10 mg in deion-
ized water and incubated with an equal volume of an acid diges-
tion solution (i.e. 1 M HCl and 10% TCA; Sigma-Aldrich) for 1 h
at 95 °C. Homogenates were spun at full speed for 10 min, and
50 �l of supernatant was mixed with 50 �l of a substrate con-
taining 1:1 1 mM ferrozine:3 M sodium acetate and 1% mercap-
toacetic acid. Reactions were read at 562 nm.

Quantitative RT-PCR

mRNA was extracted using TRIzol (Thermo Scientific, Wal-
tham, MA) according to the manufacturer’s instructions.
mRNA was measured by real-time RT-PCR (Life Technologies)
using SYBR Green Mix (Alkali Scientific, Ft. Lauderdale, FL).
Primers are listed in Table 1. Quantification cycle values were
normalized to �-actin and expressed as -fold change.

Western blotting

Whole-cell lysates were prepared in RIPA buffer as described
previously (9). In brief, lysates were separated by SDS-PAGE,
transferred to a nitrocellulose membrane, and probed over-
night at 4 °C with antibodies for FTN (Cell Signaling, Danvers,
MA) or GAPDH (Santa Cruz, Dallas, TX). Secondary antibod-
ies were purchased from Santa Cruz Biotechnology (Dallas,
TX), and membranes were developed using enhanced chemilu-
minescence substrate (Thermo Scientific).

Histological and immunohistochemical analysis

Bright-field histologic analysis was performed on H&E- and
picrosirius red–stained, formalin-fixed, paraffin-embedded
sections using reagents from Sigma-Aldrich. In brief, for Picro-
sirius red staining, slides were deparaffinized and incubated
with picrosirius red for 1 h and washed with an acid solution
containing 0.5% acetic acid. Immunohistochemical analysis
was performed on frozen sections following fixation with 10%
buffered formalin and blocking with 5% goat serum using anti-
bodies against ferroportin (MTP11-A, ADI, San Antonio, TX)
or HIF-2� (100 –122, Novus, St. Louis, MO). For reticulocyte
analysis, a 1% methylene blue (Sigma) solution was mixed with

equal volumes of blood, incubated at room temperature for 10
min, and then smeared onto a microscope slide.

Echocardiogram analysis

Echocardiography was performed as described previously
(37). Briefly, induction of anesthesia was performed in an
enclosed container filled with 6% isoflurane. After induction,
the mice were placed on a warming pad to maintain body tem-
perature. 1%–1.5% isoflurane was supplied via a nose cone to
maintain a surgical plane of anesthesia. In all studies, the isoflu-
rane was delivered with 100% oxygen carrier gas, and the mice
were anesthetized for less than 30 min in total to collect func-
tional data and limit any isoflurane effect that may confound
experimental results. The hair was removed from the upper
abdominal and thoracic area with depilatory cream. ECG was
monitored via noninvasive resting ECG electrodes. Transtho-
racic echocardiography was performed in the supine or left lat-
eral position. Two-dimensional, M-mode, Doppler and tissue
Doppler echocardiography images were recorded using a Vis-
ual Sonics Vevo 2100 high-resolution in vivo microimaging sys-
tem with a MS 550D transducer that has a center frequency of
40 MHz and a bandwidth of 22–55 MHz. We measured the LV
ejection fraction from the two-dimensional long axis view. We
measured systolic and diastolic dimensions and wall thickness
by M-mode in the parasternal short axis view at the level of the

Table 1
qPCR primers

Gene Primer sequence

Dcytb F CATCCTCGCCATCATCTC
Dcytb R GGCATTGCCTCCATTTAGCTG
DMT1 F TTGGCAATCATTGGTTCTGA
DMT1 R CTTCCGCAAGCCATATTTGT
Ferroportin F ATGGGAACTGTGGCCTTCAC
Ferroportin R TCCAGGCATGAATACGGAGA
Ankrd37 F CGGCCTTGCGTGCTTT
Ankrd37 R TGGTTGAGGTCAGCACCTGTT
Transferrin receptor F CAGTCCAGCTGGCAAAGATT
Transferrin receptor R GTCCAGTGTGGGAACAGGTC
PDK1 F TTACTCAGTGGAACACCGCC
PDK1 R GTTTATCCCCCGATTCAGGT
PGK1 F CAAATTTGATGAGAATGCCAAGACT
PGK1 R TTCTTGCTGCTCTCAGTACCACA
Bnip3 F TGAAGTGCAGTTCTACCCAGG
Bnip3 R CCTGTCGCAGTTGGGTTC
Ndufa4I2 F AGTCTAGGGACCCGCTTCTAC
Ndufa4I2 R TGTACTGGTCATTGGGACTCA
STEAP4 F GGAAACTCATCTGCATGTGCT
STEAP4 R CTAGAAGGCAGAGCCCACC
CXCL1 F TCTCCGTTACTTGGGGACAC
CXCL1 R CCACACTCAAGAATGGTCGC
Erythropoietin F CATCTGCGACAGTCGAGTTCTG
Erythropoietin R CACAACCCATCGTGACATTTTC
Hamp1 F CTATCTCCATCAACAGATGAGACAGA
Hamp1 R AACAGATACCACACTGGGAA
Tnf� F AGGGTCTGGGCCATAGAACT
Tnf� R CCACCACGCTCTTCTGTCTAC
Tgf� F CAACCCAGGTCCTTCCTAAA
Tgf� R GGAGAGCCCTGGATACCAAC
CXCL5 F TGCATTCCGCTTAGCTTTCT
CXCL5 R CAGAAGGAGGTCTGTCTGGA
Cox 2 F GGCGCAGTTTATGTTGTCTGT
Cox 2 R CAAGACAGATCATAAGCGAGGA
Il6 F ACCAGAGGAAATTTTCAATAGGC
Il6 R TGATGCACTTGCAGAAAACA
Il1� F AAGAGCTTCAGGCAGGCAGTATCA
Il1� R TGCAGCTGTCTAGGAACGTCA
Il22 F TCGCCTTGATCTCTCCACTC
Il22 R GCTCAGCTCCTGTCACATCA
IL23 F GCTCCCCTTTGAAGATGTCA
Il23 R GACCCACAAGGACTCAAGGA
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papillary muscles. Fractional shortening and ejection fraction
were also calculated from the M-mode parasternal short axis
view. Diastolic function was assessed by conventional pulsed-
wave spectral Doppler analysis of mitral valve inflow patterns
(early (E) and late (A) filling waves). Doppler tissue imaging was
used to measure the early (Ea) diastolic tissue velocities of the
septal annulus of the mitral valve in the apical 4-chamber view.

Statistics

Results are expressed as mean � S.E. Significance between
two groups was calculated by unpaired t test. Prism 7.0 soft-
ware (GraphPad Software, La Jolla, CA) was used to conduct
analyses.

Author contributions—A. J. S. and Y. M. S. conceptualization; A. J. S.
data curation; A. J. S., K. C.-B., and D. E. M. formal analysis; A. J. S. writ-
ing-original draft; A. J. S., D. E. M., and Y. M. S. writing-review and edit-
ing; K. C.-B. and D. E. M. methodology; Y. M. S. funding acquisition;
Y. M. S. project administration.
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