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Abstract

Purpose of review: This review summarizes recent basic science studies on homeostasis of
iron, an essential dietary nutrient and potentially toxic metal, and explores the relevance of these
studies to our understanding of trauma and related severe, acute events.

Recent findings: Recent studies in experimental models of iron homeostasis have added to our
understanding of how iron levels are regulated in the body and how iron levels and iron-dependent
biological processes contribute to trauma and related events. Iron deficiency, a common nutritional
disorder, can impair critical organ function and wound and injury repair. Iron excess, typically due
to genetic defects, can cause toxicity to tissues and, like iron deficiency, impair wound and injury
repair. Finally, pharmacologic inhibition of ferroptosis, a novel form of iron-dependent cell death,
is beneficial in animal models of cardiac, hepatic, and intestinal injury and intracerebral
hemorrhage, suggesting that ferroptosis inhibitors could serve as novel therapeutic agents for
trauma and related events.

Summary: Perturbations in iron homeostasis can contribute significantly to an individual’s
predisposition to trauma and their ability to recover post-trauma, while pharmacologic targeting of
ferroptosis may attenuate severity of trauma-induced organ dysfunction.
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Introduction

At first glance, there may not appear to be much overlap between iron homeostasis and
trauma. However, a consideration of the roles of iron biology in predisposition to trauma and
in treatment of and recovery from trauma reveals much of value in this overlap. The
underlying reason is that iron is both an essential dietary nutrient yet also potentially toxic.
Iron is required for erythropoiesis and other critical physiologic processes within the body.
The utility of iron is due in part to its propensity to undergo oxidation-reduction reactions
between Fe2* and Fe3*. However, given that Fe2* is toxic to cells, iron excess can have
deleterious effects on health. As such, both iron deficiency and excess can render individuals
more susceptible to trauma and other life-threatening acute conditions and impair their
ability to recover from such events. The current review focuses on basic scientific
knowledge of iron homeostasis in the context of trauma. It begins with recent discoveries
regarding regulation of hepcidin, a key hormonal regulator of iron levels, and continues with
recent findings linking iron homeostasis to critical organ function. The review concludes
with recent reports on iron homeostasis and their relevance to trauma and other acute, life-
threatening conditions.

Regulation of hepcidin expression

Iron overload has widespread impact on human health. Commonly due to increased dietary
iron uptake, it can be caused by inherited defects or associated with diseases such as obesity,
diabetes, alcohol use, chronic hepatitis, and p-thalassemia. Iron overload results in
production of reactive oxygen species, leading to cirrhosis, hepatomas, cardiomyopathy,
diabetes, hypogonadotropic hypogonadism, and arthritis. Iron deficiency anemia can also be
caused by dysregulation of iron homeostasis. The anemia of chronic disease is a major
complication of bacterial and viral infections, parasitic infections, and chronic inflammatory
disorders. Identifying the signal transduction pathways that regulate iron homeostasis has
and will continue to provide the basis for new interventions to control iron levels in the body.

The liver is the major regulator of iron homeostasis (Figure 1). It secretes hepcidin, a
hormone that binds to the iron export protein ferroportin, triggering ferroportin degradation,
and blocking iron export [1]. Ferroportin is essential for dietary iron uptake and release of
iron from macrophages that recycle red blood cells. Iron excess and inflammation stimulate
hepcidin expression to inhibit further iron uptake and release of iron from macrophages. Iron
deficiency and anemia inhibit hepcidin expression to enhance dietary iron uptake and release
of iron from cellular sites of storage.

Bone morphogenetic protein 6 (BMP6), a secreted protein that regulates a wide range of
biological processes, is a critical stimulator of hepcidin expression in conditions of iron
overload (Figure 1). BMP6 binds to BMP receptors expressed on the cell surface of
hepatocytes and activates the phosphorylation of cytosolic transcription factors SMADs 1, 5,
and 8 which then bind to SMADA4, translocate to the nucleus, and stimulate hepcidin
expression. Earlier work found that SMAD1 and SMAD?5 but not SMADS are critical to
hepcidin expression. More recent results have indicated that SMADS is also required for full
activation of the BMP signaling pathway [2]. However, not all SMADs stimulate hepcidin
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expression. BMP signaling increases expression of SMADG6 and SMAD7, two proteins that
downregulate BMP signaling by interfering with phosphorylation of BMP receptors and
formation of the SMAD4/SMADJ,5,8 complex. Lai and colleagues recently demonstrated
that Smad7 overexpression in livers of mice results in decreased hepcidin expression and
iron overload [3]. Future studies will be necessary to determine, if this finding is
physiologically relevant and can be exploited therapeutically to control iron homeostasis. It
should also be noted that BMP6 is not the only BMP to stimulate hepcidin expression. Wang
and colleagues recently demonstrated that Bmp2 deficiency in mice partially blunts the
hepcidin response to iron loading showing that Bmp2 plays a role in hepcidin expression [4].

The complexity of the relationship between BMPs and hepcidin expression is further
highlighted by two other recent studies. Lim and colleagues showed that iron-induced
mitochondrial stress activates NRF2, a transcription factor involved in anti-oxidative
responses, which in turn activates BMP6 expression to stimulate hepcidin expression and
limit iron levels [5]. This finding offers a new molecular target, NRF2, to exploit to control
iron levels. The second study explores the well-known observation that hepcidin expression
can be inhibited by increased erythropoiesis. Erythroid precursors secrete the hormone
erythroferrone which inhibits hepcidin production in order to increase iron availability for
erythropoiesis. Arezes and colleagues recently demonstrated that erythroferrone binds
BMP6 and related BMP proteins to decrease BMP-stimulated hepcidin expression [6].

Important to trauma, inflammation is a potent stimulator of hepcidin expression. This
stimulation involves the JAK-STAT signaling pathway which transmits inflammatory signals
to the nucleus to alter gene expression. Earlier work indicated that BMP signaling could
stimulate the JAK/STAT pathway, but this observation has been controversial in the field.
For example, Wang and colleagues showed that endogenous BMP expression is reduced by
inflammation in mice [4]. However, studies on anemia of inflammation recently showed that
the decrease in iron levels observed with inflammation requires BMP signaling [7] and that
deficiency in the BMP receptor Alk3 partially protects mice from the anemia of
inflammation [8]. Overall, results support that basal BMP signaling is required for a full
inflammatory response.

Heparan sulfate, a polysaccharide abundant in the body, is another critical regulator of
hepcidin expression and iron homeostasis. Two recent papers establish a possible
mechanism for this phenomenon. Poli et al. demonstrated that heparan sulfate is required for
both base-line and BMP6-dependent hepcidin expression [9]. In addition, Guo et al. recently
identified, using a genome-wide association study, that fibroblast growth factor 6 (FGF6) is
associated with high transferrin saturation, a marker of iron overload [10]. They also
demonstrated that wild-type FGF6 stimulates hepcidin expression and is stabilized by
heparan sulfate. In line with these findings, cell lines expressing mutant FGF6 incapable of
binding to heparan show decreased hepcidin expression. The finding that heparan and FGF6
increase hepcidin expression offers new ways to pharmacologically manipulate iron
homeostasis in the body.
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Cardiac and pulmonary iron homeostasis

Iron deficiency is the most common nutritional disorder in the world. Not surprisingly, it can
impact the function of critical organs. Iron deficiency is present in roughly 50% of patients
with heart failure, and administration of intravenous iron can benefit these patients. Iron
deficiency also increases pulmonary arterial pressure in patients with pulmonary arterial
hypertension. Three recent reports explore the relationship between iron deficiency and
critical organ function.

The first study, by Chung et al., investigated the underlying mechanism linking iron
deficiency and heart failure using mice raised on an iron-deficient diet [11]. This study
demonstrated discrete molecular defects involving regulation of calcium levels and
established a potential mechanism linking iron deficiency and cardiac dysfunction. As a
limitation, the authors noted that the observed contractile defects were moderate and may
apply more to patients with pre-existing heart failure than iron-deficient patients without
heart failure. The second study, by Lakhal-Littleton et al., interrogated the link between iron
deficiency and pulmonary arterial hypertension (PAH) by employing a novel mouse model
of iron deficiency, in which the iron export protein ferroportin was constitutively active in
pulmonary artery smooth muscle cells (PASMCs) [12]. These mice exhibited PAH and right
ventricular remodeling. Intravenous iron treatment attenuated but did not reverse PAH. This
study demonstrated that PASMCs are a critical cell type in iron deficiency-related PAH and
right heart failure. In the third study, Yu et al. established experimental models of BOLA3
deficiency to explore the basis of pulmonary hypertension [13]. BOLA3, a regulator of iron-
sulfur cluster biogenesis, is mutated in the multiple mitochondrial dysfunction syndrome, a
fatal disorder characterized by pulmonary hypertension and other defects. Iron-sulfur
clusters are key biological components of enzymes that mediate electron transport and
oxidation-reduction processes and are particularly critical for mitochondrial functioning.
The authors demonstrated that BOLA3 deficiency results in multiple defects in iron
homeostasis and cell growth and metabolism. Mice with BOLA3 deficiency in pulmonary
vascular endothelial cells developed pulmonary vascular proliferation and pulmonary
hypertension, while mice overexpressing BOLA3 were protected against pulmonary
hypertension. This study indicated that a discrete molecular factor, BOLA3, in pulmonary
vascular endothelial cells is a critical determinant of pulmonary vascular biology and
function.

Two recent reports of note also focused on cardiac injury, given that heart disease is a
leading cause of death in the world. In the first report, Fang et al. investigated the
contribution of ferroptosis, a novel form of regulated cell death caused by iron-dependent
accumulation of lipid peroxides, to cardiomyocyte death, a key component of heart failure
[14]. Using a mouse model of doxorubicin-induced cardiomyopathy and another of
ischemia/reperfusion-induced heart failure, the authors observed that a ferroptosis inhibitor
attenuated doxorubicin-induced pathology and severity of cardiac ischemia/reperfusion
injury. In the second report, Zhabyeyev et al. employed mice deficient in TIMP3 (tissue
inhibitor of metalloproteinase 3), a regulator of extracellular matrix remodeling and tissue
inflammation, fibrosis, and repair, to demonstrate that Timp3 is a critical regulator of iron-
mediated cardiac and hepatic injury [15]. Loading of liver, heart, and other tissues with iron
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injections into Timp3-deficient mice resulted in systolic dysfunction and worsening of
diastolic dysfunction, increased markers of cardiac fibrosis, inflammation, and tissue
remodeling, and exacerbated hepatic inflammation, fibrosis, and tissue remodeling, relative
to wild-type mice injected with iron. Together, these studies highlighted the critical role that
iron-dependent cell death and iron excess can play in organ pathophysiology.

Relevance of iron homeostasis to trauma, treatment, and recovery

Most iron in the body is dedicated to erythropoiesis. Given the toxicity of iron, the
reclamation of iron from aged or damaged red cells is carefully orchestrated by macrophages
in spleen and other organs. However, in events such as stroke or hemorrhage, extravasation
and hemolysis of red cells can expose neighboring cells and tissues to a significant load of
iron. Four recent reports explored the potential role of iron in such events. In the first study,
Young et al. studied the contribution of hemojuvelin to acute ischemic stroke, where
hemojuvelin is an essential component of the signaling pathway that regulates hepcidin
expression [16]. The authors demonstrated that hemojuvelin-deficient mice had smaller
infarct volume than wild-type mice when stroke was induced, although an underlying
mechanism was not established. In the second study, Chen et al. investigated the role of
neuronal ferroptosis in intracerebral hemorrhage, given that ferroptosis has been implicated
in brain injury after intracerebral hemorrhage [17]. They demonstrated that the ferroptosis
inhibitor ferrostatin-1 improved long-term neurobehavioral outcomes and attenuated brain
atrophy in a mouse model of intracerebral hemorrhage. This finding implies inhibition of
ferroptosis as a potential treatment for stroke. In the third study, Garcia-Yébenes et al.
studied the effect of iron overload on hemorrhagic transformation after tissue-type
plasminogen activator administration in a mouse model of thromboembolic stroke [18].
Intriguingly, iron overload increased the rate of recanalization after thrombolytic treatment,
but reduced extent of viable brain tissue after recanalization and increased the risk of
thrombolytic-induced hemorrhagic transformation. This study reinforced the notion that
perturbation in iron levels can exacerbate the severity of an event. In the fourth report,
Chang et al. investigated the role of macrophages in hematoma clearance and brain recovery
after intracerebral hemorrhage [19]. They demonstrated that macrophages, and specific
receptors on the cell surface of macrophages that bind to lipids on red cells, are essential for
hematoma resolution and functional recovery in a mouse model of intracerebral hemorrhage.

Ischemia/reperfusion injury is another topic of relevance explored recently. Li et al.
interrogated the contribution of ferroptosis, a form of regulated cell death characterized by
iron-catalyzed lipid peroxidation, to intestinal ischemia/reperfusion injury, a condition with
high mortality rate observed in shock, trauma, and other conditions [20]. Using a mouse
model of intestinal ischemia/reperfusion injury, they observed that the ferroptosis inhibitors
alleviated intestinal ischemia/reperfusion injury and restored intestinal epithelial barrier
function. This study highlighted the potential critical role of ferroptosis to ischemia/
reperfusion injury and pharmacologic approaches to attenuate severity of injury.

Iron can also play critical roles in wound healing, a key phase in recovery from trauma and
other severe, acute events. Using mouse models of wound healing, Wilkinson et al. observed
iron accumulation during the remodeling phase of physiologic wound healing, which was
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delayed in diabetic wounds [21]. Using mice with myeloid cell-specific deficiency in the
iron export protein ferroportin, Recalcati et al. investigated the role of iron homeostasis in
skin macrophages, cell types that are critical regulators of cutaneous wound healing [22].
Mutant mice exhibited impaired wound healing after incisional skin damage which was not
due to leukocyte recruitment or activation. Notably, surrounding stromal cells were iron-
deficient and less proliferative with decreased markers of blood vessel formation, suggesting
that macrophage ferroportin deficiency impacted stromal cells during wound healing. Using
a mouse model of myocardial infarction, Zlatanova et al. demonstrated that macrophage
expression of hepcidin, which is abundantly expressed with inflammation and implicated as
a regulator of cardiac iron homeostasis, is essential for cardiac remodeling after myocardial
infarction [23]. Overall, these studies highlighted that specific molecular determinants of
iron homeostasis play pivotal roles in injury repair.

Iron homeostasis also impacts the treatment of trauma with extensive hemorrhage.
Substitution of blood products including red blood cells, fresh frozen plasma, thrombocytes,
and non-cellular blood products is an active area of research, with various protocols under
investigation to establish optimal approaches for substitution [24-27]. In addition,
researchers and clinicians aim for artificial blood products. The major challenge for the use
of artificial blood components is that these products can provoke a severe inflammatory
reaction [28]. (Another challenge is the fact that animal models of trauma can have limited
applicability to human patients [29].) The inflammatory response leads to induction of
hepcidin which restricts iron release for body stores and dietary iron absorption thereby
impairing the body’s recovery from blood loss. This issue is further complicated by the
observation that limited iron availability is not the only factor impairing erythropoiesis
during trauma. Notably, even if iron is administered, an increase in hemoglobin is not always
observed in trauma patients [30,31]. Patient Blood Management programs have been
implemented that involve collection of patient’s own blood for re-transfusion to minimize
inflammatory reactions [32].

Conclusion:

In this review, we have summarized how models of aberrant iron homeostasis have been
employed recently to understand how defects in iron homeostasis impact trauma and other
severe, acute events. For some of the studies described above, the investigators have
identified specific proteins that play key roles in the body’s predisposition or response to a
severe, acute event. For other studies, the investigators have also established how specific
proteins contribute mechanistically to the traumatic process at hand. The ultimate goal of all
these lines of questioning is to not only identify key molecular factors that contribute to
trauma at the level of predisposition, treatment, and recovery but also establish how these
factors act at the mechanistic level, so that new targeted treatments can be designed to
diminish one’s risk of a traumatic event and increase one’s chances of recovery with
minimal long-term deficits.
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Key points:

The study of iron homeostasis can inform our understanding of trauma at the
level of mechanisms of injury and recovery and potential treatments.

The hormone hepcidin is a central regulator of body iron levels.

Iron deficiency can contribute to trauma by impairing critical organ function
and injury repair, while iron excess can contribute to trauma by causing
toxicity to tissues and impairing injury repair.

Pharmacologic inhibition of ferroptosis, a novel form of iron-dependent cell
death, is beneficial in animal models of cardiac, hepatic, and intestinal injury
and intracerebral hemorrhage.

Iron substitution is favorable in iron deficiency anemia, anemia of chronic
disease with low ferritin levels indicating iron deficiency, and chronic heart
failure, but should be considered carefully in acute inflammatory conditions
or hemochromatosis.
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Fig. 1. Regulation of hepcidin (HAMP) transcription.
Under high iron conditions or oxidative stress, BMP6 binds to BMP receptor (BMPR) which

stimulates the phosphorylation of SMAD1,5,8. SMAD4 binds to phosphorylated
SMAD1,5,8 and the complex enters the nucleus to stimulate hepcidin expression. The
coreceptor hemojuvelin (HJV) facilitates the binding of BMP6 to BMPR. Neogenin (Neo),
transferrin receptor 2 (TfR2) and HFE increase the signaling by the BMPR. Note that TfR2
is distinct from transferrin receptor 1 (TfR1); while both TfR1 and TfR2 bind to the iron
transport protein transferrin (Tf), only Tf binding to TfFR2 stimulates hepcidin expression.
Matriptase 2 (M2) negatively regulates the signaling by cleaving HJV, HFE, and multiple
other substrates. Hepcidin transcription can also be upregulated by inflammation through
stimulation of the IL6 receptor and phosphorylation of STAT3. STAT3 increases C/EBP&—
dependent upregulation of hepcidin transcription.
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