',\' frontiers
in Physiology

REVIEW
published: 31 May 2018
doi: 10.3389/fphys.2018.00641

OPEN ACCESS

Edited by:

Harry Karmouty Quintana,
University of Texas Health Science
Center at Houston, United States

Reviewed by:

Philip Aaronson,

King’s College London,
United Kingdom

Michael S. Wolin,

New York Medical College,
United States

*Correspondence:
Gregory J. Quinlan
g.quinlan@imperial.ac.uk
Stephen J. Wort
s.wort@imperial.ac.uk

T These authors have contributed
equally to this work.

Specialty section:

This article was submitted to
Vascular Physiology,

a section of the journal
Frontiers in Physiology

Received: 09 March 2018
Accepted: 11 May 2018
Published: 31 May 2018

Citation:

Ramakrishnan L, Pedersen SL,
Toe QK, Quinlan GJ and Wort SJ
(2018) Pulmonary Arterial
Hypertension: Iron Matters.

Front. Physiol. 9:641.

doi: 10.3389/fohys.2018.00641

®

Check for
updates

Pulmonary Arterial Hypertension:
Iron Matters

Latha Ramakrishnan, Sofia L. Pedersen, Quezia K. Toe, Gregory J. Quinlan*t and
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The interplay between iron and oxygen is longstanding and central to all aerobic life.
Tight regulation of these interactions including homeostatic regulation of iron utilization
ensures safe usage of this limited resource. However, when control is lost adverse events
can ensue, which are known to contribute to an array of disease processes. Recently,
associations between disrupted iron homeostasis and pulmonary artery hypertension
(PAH) have been described with the suggestion that there is a contributory link with
disease. This review provides a background for iron regulation in humans, describes
PAH classifications, and discusses emerging literature, which suggests a role for
disrupted iron homeostatic control in various sub-types of PAH, including a role for
decompartmentalization of hemoglobin. Finally, the potential for therapeutic options to
restore iron homeostatic balance in PAH are discussed.

Keywords: iron, hepcidin and ferroportin 1 (Fpn1), pulmonary arterial hypertension, pulmonary arterial
remodeling, pulmonary hypertension

BACKGROUND OF IRON HANDLING IN HEALTH

Iron and Oxygen

Iron is the principal catalyst that allows for oxygen utilization. The electronic structure of ground
state molecular oxygen provides inherent stability (two unpaired electrons with parallel spin);
so called spin restriction. Ground state molecular oxygen is, therefore, a relatively unreactive
molecule. In order to facilitate oxygen utilization for metabolism, conversion to a reactive state
(activation) is achieved via single electron transfer reactions. Iron, as a classical transition metal,
has the ability to exist in different states of valence and, therefore, the ability to donate or accept
electrons singly, enabling it to convert oxygen to a reactive and therefore metabolically active
state. Consequently, body iron requirements are almost exclusively involved with some aspect of
oxygen utilization. Notable examples include: respiration, molecular transport, molecular storage,
antioxidant protection and biosynthesis.

Mammalian Iron Requirements

Healthy human adults contain between 2 and 4 g of iron; daily iron requirements for metabolism
and biosynthesis are 20 mg, largely for heme biosynthesis, to satisfy the daily requirement for the
production of 200 billion red blood cells. However, iron utilization is not limited to these processes;
for instance, all cells require iron to proliferate, iron being essential for DNA biosynthesis as well
as for cell cycle progression (Yu et al., 2007). In addition, many proteins and particularly those
involved in oxygen metabolism have an essential requirement for iron, which is usually localized to
heme and non- heme containing active centers. Mitochondria are principal cellular sites for heme
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and iron-sulfur cluster biosynthesis and therefore require an
adequate supply of iron to maintain these activities.

Iron uptake from the diet is largely facilitated by enterocytes
localized to the duodenum but these can provide only 1-
2 mg of iron on a daily basis. Moreover, daily iron losses are
similar; although no specific iron excretory mechanisms exist
in mammals, losses do occur through shedding of intestinal
epithelial cells and skin cells, blood loss and, in addition, via bile
and urine excretion. Iron uptake from the gut therefore balances
these losses but cannot accommodate the daily requirement of
20 mg. The majority of this essential iron requirement is therefore
supplied by recycling endogenous iron resources and stores
rather than by intestinal uptake, and is under strict regulatory
control, not least because iron is a limited and precious resource.

Iron Homeostatic Control

Cellular Regulation

Regulation of cellular iron requirements are chiefly facilitated
by post-transcriptional feedback mechanisms directed by the
activity of two cytosolic iron regulatory proteins, IRP-1 and IRP-
2, which, when active, bind to key regulatory motifs termed iron
responsive elements (IREs) either located at the 5" or 3’ ends
in target mRNAs. IRP binding to 5" IREs prevents ribosomal
translation and hence biosynthesis, whereas 3’ binding stabilizes
mRNA and supports translation. IRPs are activated by low
cytosolic cellular iron levels. Under these circumstances synthesis
of both light (L) and heavy (H) chains of the intracellular
iron storage protein complex, ferritin, is down regulated (as is
the synthesis of the transmembrane protein and iron exporter,
ferroportin). Importantly, the translation of hypoxia inducible
factor (Hif)-2a which is one component of the Hif complex,
is also inhibited demonstrating the interplay between iron
and oxygen homeostasis (see also section “Oxygen Sensing
and Iron Regulation”). Conversely, IRP 3° IRE mRNA binding
promotes the synthesis of transferrin receptor 1 (TFR-1), a

transmembrane glycoprotein that facilitates the uptake of iron-
loaded transferrin from the circulation via receptor mediated
endocytosis. Additionally, divalent metal transporter 1 (DMT-1)
a protein that binds to a variety of metals including cadmium,
copper, zinc, and iron, provides an additional route for (direct)
iron uptake by cells. Thus, in situations when cellular iron levels
are low, active IRPs down-regulate iron storage and cellular
export whilst facilitating cellular iron uptake. The opposite
occurs when cellular iron levels are replete or overloaded- IRPs
are inactivated. Operational within cells such as enterocytes,
macrophages, and hepatocytes, and important for iron turnover
and control, it is also apparent that such regulation is common to
other cell types. In addition, IREs have been identified in mRNAs
for numerous proteins beyond those described above indicating a
more complex role for the IRPs in cellular regulation of iron and
oxygen homeostasis; for reviews, see Kuhn (2015) and Simpson
and McKie (2015).

Global Regulation: The Importance of the
Hepcidin-Ferroportin Axis

Often described as the master regulator of iron homeostasis,
hepcidin is a small peptide hormone (25 amino acids) synthesized
in the main by liver hepatocytes; a process that is regulated
by plasma and liver iron levels and which involves signaling
via bone morphogenetic protein (BMP) and SMAD pathways,
inflammation and, in particular, IL-6 levels via the JAK/stat
pathway. In the circulation hepcidin targets and binds to cellular
ferroportin causing it to be endocytosed and degraded hence
halting cellular iron export (Figure 1).

Hypoxia and erythropoiesis are also important regulatory
signals for hepcidin production (Figure 2). Consequences of
such inhibition include prevention of intestinal iron absorption,
limitation of release of liver iron stores and hindrance of recycling
processes linked to macrophages. If hepcidin release is sustained,
the accumulation of iron in tissues (hepatocytes, macrophages,
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FIGURE 1 | Effects of hepcidin on iron homeostasis. Schematic representation of the effects of hepcidin on dietary absorption of iron (left) and intracellular iron stores
(right). Fpn, ferroportin; Tf, transferrin; Fe, iron; Hb, hemoglobin; NTBI, non-transferrin-bound iron.
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and other cell types) coupled with limited iron uptake from the
diet result in a negative iron balance and tissue iron loading. For
a comprehensive review, see Drakesmith et al. (2015).

Oxygen Sensing and Iron Regulation

Iron and oxygen utilization are closely linked and longstanding
in nature, being essential for all aerobic life. This relationship
is aptly illustrated by the joint regulatory roles for both oxygen
and iron in the control of the activity of Hif. Hif is composed
of an oxygen-dependent subunit, Hif 2a, and a constitutively
expressed p subunit. The prolyl hydroylases (PHDs) hydroxylate
two key prolyl residues on Hif 2a which ultimately leads to
ubiquitination and degradation, so preventing HiF assembly
and activation. Importantly, both oxygen and iron are required
for enzyme activity of the PHDs. Conversely, when either
iron or oxygen levels are low, transcription factor assembly
occurs and binding to target hypoxia responsive elements in the
promoter regions of genes regulated by Hif is facilitated. Hif is
a multifunctional transcription factor involved in expression of
genes linked to cytoskeleton formation, energy metabolism, and
erythropoiesis and importantly, in the context of this review:
vasomotor function, migration, proliferation, angiogenesis, and
the regulation of iron transport. For a general review of Hif, see
Simpson and McKie (2015).

EVIDENCE FOR IMPORTANCE OF IRON
AND RELATED MOLECULES IN THE
NORMAL HUMAN VASCULATURE

Literature describing the role of iron in the maintenance
of balanced vascular function is somewhat limited with
most studies on iron homeostasis focusing on global aspects
involved in control of erythropoiesis. However, some studies
undertaken with healthy human volunteers have demonstrated
that iron chelation with desferrioxamine promotes hypoxic
vasoconstriction (HPV) and increases pulmonary artery systolic
pressure (PASP) compared to iron replete individuals (Smith
et al, 2008). Furthermore, the same group performed two
randomized placebo controlled trials investigating the effect of
iron on HPV and PASP. In the first, a group of sea-level dwelling
individuals were taken to altitude; iron infusion resulted in a
6 mmHg fall in the pulmonary hypertensive response initiated by
hypoxia. In the second protocol, patients with chronic mountain
sickness received isovolaemic 2 1 venesections followed 2 weeks
later by an infusion of iron or placebo. Venesection resulted in a
25% increase in PASP. However, subsequent iron infusion did not
ameliorate the increase in PASP (Smith et al., 2009). Additional
support for the role of iron in HPV is provided by Frise et al.
(2016). In 13 iron deficient individuals, 6 h of hypoxia led to an

Frontiers in Physiology | www.frontiersin.org

May 2018 | Volume 9 | Article 641


https://www.frontiersin.org/journals/Physiology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/Physiology#articles

Ramakrishnan et al.

Pulmonary Arterial Hypertension: Iron Matters

increase in PASP compared to iron replete controls. Intravenous
iron (given before the hypoxic challenge) attenuated the rise in
PASP in both groups but to a greater extent in the iron deficient
group (Frise et al., 2016). The above findings indicate a key role
for iron in the sensing and signaling response to hypoxia in
normal pulmonary vascular function.

As for evidence of any role for iron regulation at the level
of the pulmonary vascular cell, these studies are somewhat
lacking but new findings from our own laboratory have recently
demonstrated the presence of the iron exporter ferroportin in
pulmonary artery smooth muscle cells (PASMCs) and pulmonary
artery endothelial cells (PAECs) (Ramakrishnan et al., 2014)
suggesting a potential dynamic role for the hepcidin-ferroportin
axis and the regulation of cellular iron stores at the level of the
pulmonary vasculature. Please see Section “Group 3: PH Related
to Chronic Lung Disease and/or Hypoxia (Including High
Altitude)” for further discussion of response of the pulmonary
vasculature to hypoxia and relevance to the development of
pulmonary hypertension (PH).

PULMONARY HYPERTENSION:
DEFINITION AND CLASSIFICATION

Pulmonary hypertension encompasses a group of conditions
characterized by raised blood pressure in the pulmonary arteries.
The formal diagnosis requires right heart catheterization: PH
is defined as a mean pulmonary arterial pressure >25 mmHg
at rest. There is a further hemodynamic division into pre- and
post- capillary PH depending on whether the pulmonary artery
wedge pressure (a measure of left atrial pressure) is <15 mmHg
(pre-capillary PH) or >15 mmHg (post-capillary PH). PH is
divided into five clinical groups, each group of which shares
similar pathophysiology and anticipated response to treatment
(Galie et al., 2016). Group 1 PH is known as pulmonary
arterial hypertension (PAH). All the conditions within this
group have pre-capillary hemodynamics, a raised pulmonary
vascular resistance (PVR) and no evidence of significant lung
disease (Group 3 PH) or thromboembolic disease (Group 4).
The main disorders presenting with PAH are congenital heart
disease (predominantly Eisenmenger Syndrome), scleroderma
associated PAH and idiopathic (i)PAH (a diagnosis of exclusion)
(Humbert et al., 2006; Peacock et al., 2007). Within the clinical
phenotype of Group 1 PAH, a small proportion will have a
family history and most will carry a genetic abnormality in one
of the genes associated with the condition, predominantly, bone
morphogenetic protein receptor (BMPR) 2 (Rudarakanchana
et al., 2002; Soubrier et al, 2013). All members of Group 1
have similar histology with remodeling of pulmonary arterioles
(diameter < 500 wM). This involves hyperplasia of cells
encompassing all three layers of the vessel wall, although
predominantly smooth muscle (Figure 3). The resulting increase
in PVR increases the afterload on the right ventricle (RV)
provoking RV hypertrophy, enlargement and eventually failure
(Tuder et al., 2013). PAH is always associated with increased
morbidity and mortality, but with some heterogeneity depending
on sub-type. Patients with iPAH have one of the worse prognoses

FIGURE 3 | Remodeled pulmonary arteriole from a patient with idiopathic
pulmonary arterial hypertension taken after transplant. Remodeling in this
case is characterized by an increase in the number of smooth muscle cells in
the media. The endothelium is stained with an anti-vWF antibody (brown
stain). VWF, von Willibrand Factor. Figure courtesy of Dr. Allan Lawrie and Dr.
Roger Thompson, University of Sheffield, United Kingdom.

with a pre-treatment era median survival of only 2.8 years,
comparable to many advanced cancers (Barst et al., 1996). In
addition, it has a female predominance and tends to affect
younger adults (Peacock et al., 2007).

Pathophysiology of PAH

This review is predominantly involved with the pre-capillary
remodeling observed in PAH, although pure vasoconstriction is
likely to be involved in acute responses to hypoxia, described in
other sections.

The exact sequence of events leading to pulmonary vascular
remodeling remains unknown; however, the lung pulmonary
vasculature does show a stereotypical response to insult(s) as
histopathology of lesions remains very similar across sub-types
of PAH, see Figure 3 for a representative remodeled human
pulmonary arteriole On the one hand, it is very likely that
increased endothelial shear stress from left to right blood flow
across an intra- or extra-cardiac defect is the initiating insult in
Eisenmenger syndrome (D’Alto and Mahadevan, 2012). On the
other, in heritable PAH, defects predominantly in the BMPR2
gene increase susceptibility to developing PAH. However, the
penetrance of the genetic defect remains low, suggesting other
“hits” are necessary. Additional insults are likely to include:
infection, exposure to hypoxia, exposure to serotoninergic
drugs and pregnancy related changes in female hormone levels
(Tuder et al., 2013). Although not proven, one of the earliest
abnormalities is probably endothelial cell dysfunction leading
to an imbalance of vasoactive molecules: increased production
of the vasoconstrictor and mitogen, endothelin (ET)-1 and
reduced production of nitric oxide (NO) and prostacyclin (PGI,),
both vasodilators and anti-proliferative agents (Humbert et al.,
2004). Damage to the endothelium may expose the underlying
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smooth muscle (SM) to cytokines and serum factors that promote
proliferation.

The presence of BMPR2 mutations pre-dispose SM cells
to increased proliferative rates and reduced apoptosis (Yang
et al,, 2011). Medial (SM) hypertrophy in resistance arterioles
is one of the cardinal histological features of PAH (Figure 3).
As the disease progresses, it is likely that apoptotic resistant
endothelial cells lead to neointimal formation and fibrosis
and the formation of plexiform lesions. The adventitia is also
involved with increased numbers of fibroblasts and extra-cellular
matrix protein deposition. Inflammatory changes are often
observed surrounding remodeled vessels, although the exact
contribution of inflammation (marker or mediator) remains
unclear. However, circulating cytokines, such as IL-6, IL-8, and
IL-10 are increased in patients with PAH and correlate with
outcome (Soon et al., 2010). Other important mediators are
growth factors such as platelet derived growth factor (PDGF) and
transforming growth factor (TGF)- B. Most recently, it is clear
that there are also epigenetic mechanisms involved (Pullamsetti
et al., 2016). A more complete discussion, apart from reviewing
the role of iron and iron-related molecules below is beyond the
scope of the present review.

EVIDENCE FOR ABNORMAL IRON
HANDLING IN PULMONARY
HYPERTENSION

Most of the literature relating abnormal iron handling to the
development of PH concentrates on iPAH and Eisenmenger
syndrome, which will be the main focus of this section. However,
there is good evidence to relate iron deficiency to an exaggerated
response to hypoxia, which may of course relate to respiratory
conditions associated with PH in Group 3 of the international
classification as well as exposure to high altitude. Chronic
exposure to hypoxia, and the development of high altitude PH
has been the topic of several recent reviews (Wilkins et al., 2015).
See also Section “Group 3: PH Related to Chronic Lung Disease
and/or Hypoxia (Including High Altitude)” of this review.

Evidence for Abnormal Iron Handling in
iPAH

Ruiter et al. (2011) reported the first data to support iron
deficiency in patients with iPAH. In 70 patients, 30 (43%) had
iron deficiency as determined by a serum iron < 10pmol~! and
transferrin saturation < 15% in females and <20% in males; in
normal individuals levels of iron saturation of transferrin are
25% and above; 50% saturation indicates iron overload. Six-
minute walk test (6MWT) was reduced in iron-deficient patients
compared with iron replete patients, irrespective as to whether
they had anemia or not. In a sub-set of patients who received oral
iron therapy, only eight out of 18 had ferritin levels restored to
normal levels, suggesting impaired oral uptake in these patients
(which has subsequently been proposed to be secondary to
increased hepcidin levels). These findings were confirmed in a
slightly later study where it was also demonstrated that iron

deficiency was more prevalent in patients with iPAH compared
to patients with chronic thromboembolic PH (CTEPH) (Soon
et al., 2011). Interestingly, IL-6 levels were correlated with iron
levels in iPAH patients but not in CTEPH patients. As described
earlier, IL-6 is known to promote hepcidin production, but
in this study there was no correlation of IL-6 with hepcidin
in iPAH patients. Data from another United Kingdom group
suggested that hepcidin levels may be inappropriately high in
a subset of iPAH patients (Rhodes et al., 2011a). Furthermore,
iron deficiency, this time defined by increased circulating soluble
transferrin receptor levels, was associated with disease severity
and poor clinical outcome.

There are also potential implications related to BMPR2 gene
mutation or subsequent downstream pathway dysfunction and
altered iron handling in PAH, as BMPR2/SMAD pathways,
amongst other functions, are also involved in regulation of
iron homeostasis, facilitated through the control of hepcidin
production (Figure 2) (Finberg, 2013). As mentioned earlier,
under normal circumstances iron availability directs such
homeostatic control. In patients with iPAH this homeostasis
is presumably lost, leading to iron deficiency and hepcidin
excess (Rhodes et al., 2011b). Inflammation may impact
further on dysfunctional BMPR2 signaling and loss of iron
homeostasis, as plasma IL-6 levels are raised in patients with
PAH (Selimovic et al., 2009); IL-6 is also known to up-regulate
hepcidin expression via the JAK-STAT pathway (Soon et al,
2010) (Figure 2). Intriguingly, increased autophagy mediated
by lysosomal action (where BMPR2 and ferroportin are both
degraded) has been implicated in PAH (Long et al, 2013)
suggesting a potential link with altered iron handling.

Further evidence for abnormal iron handling was
demonstrated by Decker et al. (2011) who showed that zinc
protoporphyrin (Zn-pp) levels are high in patients with PAH
(mainly iPAH) indicating deficient iron incorporation to form
heme suggestive of iron deficiency; levels were closely related to
clinical severity (Decker et al., 2011). Zinc competes with iron
for binding sites, therefore when iron levels are diminished zinc
replaces iron at these sites. PAH patients also had a high red
cell distribution width (RDW), again corresponding to markers
of clinical severity, such as higher pulmonary arterial pressures
and lower 6MWT. Most recently, using proteome analysis in the
plasma of patients with PAH, Rhodes et al. (2017) were able to
identify a combination of nine circulating proteins associated
with a high risk of mortality, two of which, plasminogen and
erythropoietin, are associated with abnormal iron metabolism
(Rhodes et al., 2017).

Evidence for Abnormal Iron Handling in

Eisenmenger Syndrome

Iron deficiency has been recognized in patients with cyanotic
congenital heart disease for much longer than other forms of
PAH. This is considered to be a direct response of increased
secondary erythrocytosis (due to chronic cyanosis). However,
the exact underlying mechanisms remain unclear. An additional
factor, historically, was the routine use of venesection, which was
associated with increased risk of hemoptysis, anemia and iron

Frontiers in Physiology | www.frontiersin.org

May 2018 | Volume 9 | Article 641


https://www.frontiersin.org/journals/Physiology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/Physiology#articles

Ramakrishnan et al.

Pulmonary Arterial Hypertension: Iron Matters

deficiency (Daliento et al., 1998). Iron deficiency is associated
with adverse outcomes in Eisenmenger patients (Van De Bruaene
et al., 2011). Venesection is now not recommended and iron
deficiency actively corrected in this population (Dimopoulos
et al., 2008).

Although very different diseases, pulmonary vascular
remodeling in ES and iPAH is similar; however, dysfunctional
BMP signaling linked to the gene defects in BMPR II has not been
found in ES (Therrien et al., 2006) (although BMPRII protein
levels have been reported to be reduced in this population). As for
determinants of disrupted iron homoeostasis in these patients,
data are limited but, in a small comparative observational
study undertaken by ourselves (published in abstract form),
there were significant increases in an array of plasma markers
including: soluble transferrin receptor, free heme, iron saturation
of transferrin, IL-6 and hepcidin; clearly demonstrating elevated
levels of these iron indices in ES cohorts as compared to iPAH
patients and healthy controls (Mumby et al., 2016).

Evidence for Abnormal Iron Handling in

Other Forms of PH

Group 1: Associated Forms of PAH

With regards to associated forms of PAH in Group 1, only
when in association with scleroderma has there been a link
with iron deficiency described in the literature. Iron deficiency
(as determined by soluble transferrin receptor) was present
in 46% of patients with scleroderma-PH compared to 16% of
patients with scleroderma but no PH (note that not all of these
had PAH). Iron deficiency was associated with lower exercise
capacity and worse survival. Hepcidin levels were overall high
and related to transferrin receptor status but not to IL-6 levels
(Ruiter et al., 2011).

Group 3: PH Related to Chronic Lung Disease and/or
Hypoxia (Including High Altitude)

As described earlier, iron deficiency causes an exaggerated
response, in terms of PASP, to acute hypoxia, compared to iron
replete controls. Iron replacement reverses this response (Frise
et al., 2016). Apart from periods when humans are exposed to
hypoxia, these findings may be relevant to PH that develops in
conjunction with respiratory conditions, which are characterized
by alveolar hypoxia (Group 3). Indeed, iron deficiency has been
shown to associate with echo derived PASP in non-anemic
patients with COPD (Plesner et al., 2017). Potential relevant
mechanisms are described next.

A role for Hif in hypoxia and normoxia

The molecular mechanisms underpinning the response to
hypoxia are incompletely understood, although Hif is likely
to be key. Mutations which lead to over activation of Hif in
normoxia, a condition called Chuvash polycythemia, result in an
exaggerated vasoconstrictor response under hypoxic conditions
(Smith et al., 2006). Mouse models of the von Hippel-Lindau
mutation, that characterizes Chuvash polycythemia, result
in PH and fibrosis (Imtiyaz et al., 2010). Moreover, mouse
models with heterozygous mutations in Hif components result
in some protection from PH under conditions of hypoxia

(Yu et al., 1999; Brusselmans et al., 2003). Furthermore, as Hif
activity is both regulated by iron and itself regulates aspects
of iron homeostatic control, an interactive role for iron and
Hif in PH seems plausible. Indeed, for an increasing number
of genes involved in iron homeostasis, the presence of IREs
and hypoxic responsive elements (HREs) within the promoter
region have been described. Expression at the level of mRNA is
therefore regulated not just by the IRPs but also by the hypoxia
inducible transcription factor component, Hif-2a. Moreover, as
mentioned above, Hif-2a activity is controlled via the enzymatic
activity of the iron and oxygen sensing prolyl hydroxylases,
and depletion of either substrate leads to Hif activation and an
array of transcriptional responses. Therefore, iron deficiency,
in a similar fashion to hypoxia, can lead to Hif activity; but
potentially under normoxic conditions.

Hif and regulation of cellular iron content

Importantly, the ferroportin gene contains both IREs and
HREs; thus, hypoxia represents a further signal for ferroportin
expression via Hif-2a (Simpson and McKie, 2015). As for
any role for hypoxia in hepcidin expression/activity there are
controversies in the literature with some studies suggesting an
involvement for Hif-2a in hepcidin suppression, (Peyssonnaux
etal., 2007) whereas more recent literature refutes this suggestion
(Volke et al., 2009); however, other soluble factors may be
involved (Ravasi et al., 2014). Reactive oxygen species (ROS)
may also have a role as the redox sensitive transcription factor,
NF-kB, has been shown to regulate hepcidin expression in
part in macrophages (Sow et al, 2009). Given the role of
hypoxia and ROS production in PAH it is likely that such
perturbations will be influential in aspects of disrupted iron
homeostasis of relevance to the pulmonary vasculature and
will further modulate the hepcidin/ferroportin axis. Another
iron homeostatic perturbation that may be of relevance to Hif
activity is iron regulatory protein-1 (IRP-1) dysfunction; targeted
deletion of IRP-1 in mice resulted in PH and polycythemia,
responses, which were more apparent in animals, fed an iron-
restricted diet. Hif-2a expression in pulmonary endothelial cells
cultured from these animals was elevated in comparison to
those from wild type controls (Ghosh et al., 2013); effects
on the hepcidin/ferroportin axis were not described in this
study. Additionally, iron-sulfur cluster deficiency linked to either
hypoxic or genetic alterations in the microRNA-210-ISCU1/2
axis also contribute to PH in murine models, (White et al., 2015)
all of which suggests a link to mitochondrial dysfunction, given
that iron-sulfur synthesis occurs in this organelle and its function
is dramatically affected by ischemia or hypoxia. Finally, there
may also be implications in relation to IRP-1 activity which is
regulated by iron-sulfur cluster assembly (Kuhn, 2015). The role
of Hif, hypoxia and iron as potential drivers of PAH are therefore
complex and still emerging.

Group 5: Miscellaneous Causes of PH: The Hemolytic
Anemias

The last group to mention is the chronic hemolytic anemias,
which sit in Group 5 of PH classification. Abnormal iron
handling may clearly be a factor in conditions such as Sickle
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Cell Disease (SCD) and the Thalassemias. Potential factors that
may contribute to disease presentation in these circumstances are
numerous and include consequences related to the release of free
hemoglobin. The potential for a direct proliferative role linked to
decompartmentalization of free iron/heme/hemoglobin is also of
potential importance and is given consideration below. However,
as for mechanisms of disease onset and progression, in addition
to the more detailed descriptions presented below, consideration
should also be given to high cardiac output-PH in very anemic
patients, as well as direct myocardial involvement producing a
post-capillary PH picture (Group 2 PH).

Hemoglobin and oxidative stress

Hemoglobin, once decompartmentalized, disassociates to the
dimeric form, is subject to the release of free heme and is
also likely to shed iron, which, in an extracellular setting of
complete transferrin iron saturation, will remain free or loosely
bound. This, in turn, will be available to catalyze damaging
hydroxyl radical formation from hydrogen peroxide and initiate
or propagate peroxidation of membrane polyunsaturated fatty
acids causing damage that is not necessarily limited to endothelial
targets. In addition, both hemoglobin and heme are redox
catalysts and so can also contribute to damaging oxidant
production and an overall altered redox balance. Thus, there
are numerous iron breakdown products released or formed
consequent to hemolysis, which may have implications for
disease onset and progression.

Endogenous protection of a limited resource

Targeted binding by haptoglobin for hemoglobin, hemopexin
and or albumin for heme and transferrin or lactoferrin for
iron, followed by receptor mediated cellular uptake limits
adverse aspects related to the release of these species in the
extracellular setting. However, during prolonged or pronounced
hemolytic episodes, such binding processes are saturated leading
to extracellular accumulation of these products of hemolysis and
also increased iron storage within cells and tissues. In this regard,
it is now widely recognized that PH is a common co-morbidity
for patients suffering from hemoglobinopathies resultant from
hemolytic anemias (Souza et al., 2009) and consequently that
endogenous protection is compromised in these patient groups.

A role for decompartmentalized hemoglobin in PAH

Decompartmentalization of hemoglobin and subsequent binding
of NO that affects vascular reactivity and remodeling has been
hypothesized as a functional component in PAH associated
with hemoglobinopathies such as the Thalassemias and SCD
(Mathew et al., 2016). In addition, hemoglobin/heme containing
red cell microparticle formation also accompanies hemolysis
with known effects on the endothelium and resultant vascular
occlusion in SCD (Camus et al, 2015). In epidemiological
terms for SCD populations, PAH is many orders of magnitude
more common than in the normal population (Buehler et al.,
2012) and additionally for SCD patients with PAH, hemolytic
anemia is much more severe (Potoka and Gladwin, 2014); all of
which strongly suggests active involvement of hemolysis in the
development of PAH in SCD. A link which is also apparent for
B-thalassemia major where PAH development is thought to be

related to both the severity of hemolysis and also the need for
repeated transfusions (leading to tissue iron overload); whereas
for P-thalassemia intermedia, ongoing hemolysis without
transfusion also causes iron loading and is associated with PAH
(Fraidenburg and Machado, 2016). In a small study of non-
transfusion dependent thalassemia patients, PAH was relatively
common (10%) and was associated with previous multiple
transfusions, splenectomy and non-transferrin bound iron (a
marker of iron overload) (Inthawong et al., 2015). A role in PAH
is also apparent for other hemolytic disorders such as hereditary
spherocytosis, microangiopathic anemias, and paroxysmal
nocturnal hemoglobinuria to name but a few (Machado and
Farber, 2013). Importantly, recent studies in patients with iPAH
and heritable PAH have demonstrated red cell abnormalities:
specifically enhanced levels of zinc-protoporphyrin (Decker
et al., 2011); elevated creatine (Fox et al., 2012) and plasma free
hemoglobin, which was independently associated with increased
risk for admission to hospital (Brittain et al., 2014) all of which
are suggestive of iron deficiency and sub-clinical hemolysis.
Moreover, decreased levels of haptoglobin are apparent across
PAH phenotypes and demonstrates a negative correlation with
mean pulmonary artery pressure for patients with connective
tissue disease associated PAH (Nakamura et al., 2017). Given
the role of haptoglobin as an extracellular hemoglobin binding
protein these studies further support a role for hemolysis and
decompartmentalized hemoglobin in PAH progression.

IN VITRO AND IN VIVO MODELS OF
DISRUPTED IRON HOMEOSTASIS

There are a number of recently published studies, which
have investigated the relationship between iron availability, or
deficiency, and proliferative responses in settings of relevance to
PAH. In one study the use of iron chelation via the administration
of desferrioxamine to rats was found to inhibit chronic hypoxia
induced PH and remodeling suggesting that iron is requisite
for vascular proliferation in these circumstances; an assertion
further supported by in vitro studies by the same authors which
showed that an iron chelation strategy also inhibited proliferation
of cultured PASMCs (Wong et al., 2012). In another study, use
of plumbagin, an iron chelator, (Padhye et al., 2012) was found
to limit proliferation in human PASMCs and decrease distal
pulmonary artery remodeling in a rat model of PAH (Courboulin
et al,, 2012). Additionally, iron was found to induce remodeling
in cultured rat PAECs (Gorbunov et al.,, 2012). Together, these
studies indicate a role for iron availability in proliferation and
remodeling. However, in other recent studies, opposing responses
have been reported; for instance, iron deficient (iron restricted
diet) monocrotaline treated rats were somewhat protected from
pulmonary vascular remodeling and right ventricular failure;
however, the low levels of hepcidin shown in these animals
compared to controls (iron replete) is at variance with elevated
hepcidin as observed in clinical PAH and also suggests that
cellular iron retention is less likely in these circumstances (Naito
et al., 2013). In a related rat model, iron deficiency alone of
4 weeks duration was shown to contribute to in pulmonary
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vascular remodeling, raised pulmonary artery pressure and right
ventricular hypertrophy. All these changes were reversed on
restoration of a dietary iron (Cotroneo et al.,, 2015) suggesting
that iron deficiency contributes to vascular remodeling. Whilst
not in absolute agreement, collectively, these studies do indicate
that iron availability or otherwise is a key component of vascular
remodeling in experimental PAH.

As for any role for iron retention or release at the level of
the cell, these studies are fledgling in nature and largely limited
to published abstracts. Our own studies in this regard have
established that ferroportin is present on both human PAMSCs
(Ramakrishnan et al., 2014) and human PAECs (Ramakrishnan
et al., 2013) and that hepcidin treatment of human PASMCs
causes a proliferative response most likely linked to cellular
iron retention. Moreover, treatment with IL-6 also promotes
human PASMC proliferation (Ramakrishnan et al., 2015).
Interestingly, the hemoglobin-haptoglobin receptor/scavenger
molecule, CD163, has been shown to be expressed and regulated
in both human PAECs as well as PASMCs (Ramakrishnan
et al, 2015, 2016) suggesting a means for cellular uptake
of iron by these cells. In related studies, an in vivo model
of vascular remodeling linked to cellular iron accumulation
was reversed with haptoglobin therapy (Irwin et al, 2015)
indicating a potential role for free hemoglobin in these processes.
Thus there may be a generalized functional impact related to
decompartmentalization of hemoglobin of relevance to PAH
which given our observational data (Mumby et al., 2016) may be
of greater relevance in condition such as Eisenmenger syndrome.

TREATMENTS: SUMMARY OF CLINICAL
EVIDENCE WITH IRON REPLACEMENT
IN PAH

There are very few clinical trials investigating the effect of
iron replacement in patients with PAH. Viethen et al. (2014)
presented the results of 20 iron deficient patients with mixed PAH
etiology, given IV ferric carboxymaltose (1,000 mg) in an open
label fashion. Compared to a non-treated group, there was an
improvement in iron status, significant increase in 6-min walk
test and quality of life score (Viethen et al., 2014). There have been
two trials in specific PAH sub-types, described below.

Iron Therapy in Cyanotic Congenital
Heart Disease

There are no randomized, placebo controlled studies
investigating the effect of iron replacement in the cyanotic
congenital heart disease population. However, Tay et al. (2011)
studied 25 iron-deficient cyanotic CHD patients, 14 of which
had Eisenmenger Syndrome, who received oral iron replacement
in a prospective open label manner (Tay et al, 2011). Oral
ferrous fumarate was titrated to a maximum of 200 mg
tds. After 3 months of treatment, hemoglobin, ferritin and
transferrin saturation had all significantly increased. Significant
improvements were also seen in quality of life and 6MWT,
although peak VO, was unchanged. Oral treatment was well

tolerated with no complications. In clinical practice in the
cyanotic CHD population treatment of iron deficiency (as a
complication of secondary erythrocytosis) is managed quite
aggressively, usually with intravenous iron replacement. In
142 consecutive cyanotic CHD patients of which 49% were
ES, treatment with IV ferrous carboxymaltose (500 mg;
Ferrinject™) resulted in improvement in hemoglobin,
hematocrit, ferritin, and transferrin saturation. There were
no cases of excessive erythrocytosis with very few complications
(personal communication).

Iron Therapy and Idiopathic Pulmonary
Arterial Hypertension

There is only one published study on the use of iron replacement
in patients with iPAH (Gerrina et al., 2015). Fifteen patients
with iPAH and iron deficiency received a single, high dose of
IV iron in an open label fashion. After 12 weeks, the primary
endpoint, GMWT, was not changed. However, exercise endurance
time and aerobic capacity increased significantly without change
in cardiac function. There was improved quadriceps muscle
oxygen handling. IV iron was well tolerated and there was an
improvement in quality of life. A randomized, placebo controlled
trial is currently active and the results are eagerly awaited
(Howard et al., 2013).

Iron Therapy in Other Forms of PH

There are no other studies investigating the use of iron
replacement in other forms of PH apart from experimental
studies in acute hypoxia driven PH. Bart et al. (2016) investigated
the effect of 1 g IV iron (or saline) on increases in PASP associated
with 6 h of hypoxia in 22 subjects. Patients receiving iron before
hypoxia had a 50% reduction in PASP rise which was sustained
up to 43 days after iron therapy (Bart et al., 2016).

Future Treatments

Clearly from the literature presented above, it is apparent that
protocols are under development and in use involving iron
supplementation therapies in order to correct perceived iron
patient deficits. Whilst this ultimately may help restore iron
homeostasis there is nevertheless the potential to for cellular
iron-loading to occur particularly in a setting of hepcidin excess
as is seen in PAH; in which case shorter term benefits may
be outweighed by longer term effects on pulmonary vascular
remodeling. Other potential solutions that would aim to restore
iron homeostatic control could involve targeted inhibition
(modulation) of the hepcidin/ferroportin axis. In fact, there are
several treatment options under development/developed which
either seek to stabilize ferroportin expression and activity in spite
of hepcidin excess or that target hepcidin directly (Sebastiani
et al,, 2016). Such approaches will thereby allow for iron uptake
from the gut and also cellular iron excretion, which may be of
relevance for the pulmonary vasculature and any links with iron
retention and remodeling in PAH. Finally, given the relationship
between IL-6 and hepcidin expression and release, therapies that
selectively target this cytokine would also be expected to influence
iron homeostatic control. Indeed such approaches are already
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underway in PAH groups (TRANSFORM UK study) albeit not
specifically to correct iron imbalance.

SUMMARY

Presently the field of disrupted iron homeostasis in PAH is poorly
understood, not least because most studies of iron regulatory
control have centered on global mechanisms and cells principally
involved in recycling body iron resources.

However, emerging literature does suggest similar regulatory
controls are also operational across other cell types including,
potentially, in the vasculature. Links between disrupted
iron homeostatic control and sub-types of PH, especially
PAH, PH associated to hemolytic anemias and hypoxia
may therefore well have implications for iron turnover
and control in pulmonary artery vascular cells. Debate
centered on the role of iron deficits or overload in PAH
and models thereof may merely serve to strengthen the
supposition that loss of iron homeostatic control is an
important contributory factor to disease onset and progression.
Additional studies may well confirm these suggestions
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