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To Charlotte



Wounds are for the desperate, blows are for the strong,
Balm and oil for weary hearts all cut and bruised with wrong.
1 forgive thy treason — I redeem thy fall —

For Iron — Cold Iron — must be master of men all!

Cold Iron, Rudyard Kipling



ABSTRACT: IRON DEFICIENCY AND HUMAN HYPOXIA PHYSIOLOGY

Matthew C Frise, St John’s College DPhil Thesis, Michaelmas Term 2016

This thesis is concerned with a very common disorder of iron homeostasis: iron deficiency.
The specific focus is the manner in which iron deficiency influences physiological
responses to hypoxia in humans. This work is predicated on observations made over many
decades in vitro and in vivo, suggesting that variations in the bioavailability of iron have
important consequences for certain biological processes known to depend on oxygen
availability.

Three separate but related studies together form the basis for this thesis. The first two,
Study A and Study B, adopt a similar approach in recruiting healthy volunteers who differ
according to iron status, yielding iron-deficient and iron-replete groups in both cases. In
Study A, the behaviour of the pulmonary circulation is investigated during a sustained
hypoxic exposure, before and after an intravenous infusion of iron. In Study B, skeletal
muscle metabolism is explored, both at the level of high-energy phosphate metabolism and
the integrated physiological responses to exercise on a cycle ergometer. In the third study,
Study C, a different approach is taken, recruiting patients with chronic obstructive
pulmonary disease (COPD), and exploring the prevalence and associations of iron
deficiency in this condition.

Chapters 2 and 3 describe experiments using sustained hypoxia in a normobaric chamber,
during which the pulmonary circulation is assessed non-invasively using Doppler
echocardiography. These reveal augmented hypoxic pulmonary vasoconstriction (HPV) in
iron-deficient individuals, who also exhibit greater sensitivity to the effects of an infusion
of intravenous iron. Additionally, the way in which certain circulating mediators important
for iron haemostasis change over the course of these hypoxic exposures, and how iron status
influences these responses, is explored.

Chapter 4 reports the findings of experiments using *!P-magnetic resonance spectroscopy
and cardiopulmonary exercise testing, which demonstrate abnormal whole-body
metabolism in iron-deficient individuals during large muscle-mass exercise, despite the
absence of a clear defect in mitochondrial oxidative phosphorylation. Intravenous iron is
found to have significant effects to alter the lactate threshold in healthy individuals, but the
effects are more striking in iron-deficient individuals. Collectively, these experiments
imply that iron deficiency promotes a more glycolytic phenotype.

Chapter 5 explores iron deficiency in COPD, a condition in which pulmonary vascular
disease, hypoxia and skeletal muscle dysfunction coexist, and examines some of the
difficulties in assessing iron status in the setting of a chronic inflammatory disorder. Iron
deficiency is found to be common, and unexpectedly associated with significantly more
severe hypoxaemia, in patients with COPD. Possible reasons for these findings, and their
clinical implications, are considered.

Chapter 6 provides a summary of the main conclusions to be drawn from the studies
presented in this thesis.
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Chapter 1. General introduction

1.1. Iron and oxygen

This thesis is concerned with a particular aspect of the interaction between two elements
fundamental to life on our planet: iron and oxygen. Reviews addressing the biology of these
elements typically stress the reactivity and therefore potential toxicity of each, and some
appear to imply that the presence in higher organisms of the two in combination must be

the result of some sort of catastrophic error in design, for example:

“Since life's addiction to iron transcends the oxygenation of the Earth's
atmosphere, living things must be protected from the potentially
dangerous mix of iron and oxygen. The human being possesses grams
of this potentially toxic transition metal, which is shuttling through his

oxygen-rich humor.” (Sheftel et al. 2012)
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The potential toxicity of iron under aerobic conditions results from its propensity as a
transition metal to catalyse the generation of highly-reactive free radicals, particularly
through the Fenton reaction (Kell 2009, Jomova and Valko 2011). However, many of the
key biochemical processes that sustain life as we know it rely on the chemical properties of
iron and oxygen. In fact, life depends on their reactivity and the successful chemical
interaction of the two. Perhaps the most obvious example in vertebrates is the haem moiety
of the oxygen-transport protein haemoglobin, which owes its capacity reversibly to bind

dioxygen to a single ferrous ion (Figure 1-1).

B1 ‘ ‘\

B, [__r__

Figure 1-1. Haemoglobin structure and oxygen binding site

Left: Three-dimensional structure of a haemoglobin tetramer consisting of two a and two  chains,
each of which has an associated haem molecule. Right: Expanded view of a single haem moiety
and coordinating residues in the polypeptide chain. The single ferrous ion is represented as a red
sphere at the centre of the haem molecule. Two histidine (His) residues and a phenylalanine (Phe)
residue, of particular importance for iron coordination and the allosteric properties of the protein,
are also highlighted. Carbon structures are grey; red portions represent oxygen atoms and blue

portions indicate nitrogen atoms. Adapted from (Storz and Moriyama 2008) with permission.
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One consequence of the iron dependence of haemoglobin synthesis is that much of our
understanding of human iron homeostasis is couched in terms of its importance for
erythropoiesis. Whilst this is entirely understandable, it does unfortunately lead to the
frequent conflation of two pathological conditions that, though often found in combination,
are entirely different: iron deficiency and anaemia. Though the former is an extremely
common cause of the latter (Zimmermann and Hurrell 2007), this thesis will aim to make
abundantly clear that despite its dominance in our understanding of human iron
homeostasis, erythropoiesis is not the sole process in which iron is of importance. Similarly,
when considering the consequences of iron deficiency for human health, a reduction in the
oxygen-carrying capacity of the blood as a consequence of anaemia is generally assumed
to be the most, and sometimes the only, significant pathophysiological process. Again, we

shall see that this view is likely to be misguided.

The focus of this work is the interaction between iron homeostasis and oxygen sensing,
specifically the manner in which deficiency of iron affects integrated physiological
responses to hypoxia in humans. The rationale for pursuing this line of investigation is the
recognition that iron is an essential cofactor for a major group of enzymes central to human
oxygen sensing, coupled with observations made in humans regarding the effects of

manipulating iron bioavailability on hypoxia-sensitive organ systems.

1.2. Hypoxia, euoxia and hyperoxia

Aerobic respiration allows for considerably more effective utilisation of energy from
dietary fuels than does anaerobic respiration. Anaerobic metabolism of a glucose molecule
to lactate is sufficient for the synthesis only of two adenosine triphosphate (ATP) molecules

(Burton and Krebs 1953). The very existence of metazoans depends on oxidative
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phosphorylation, which allows at least a 15-fold greater amount of ATP to be synthesised
per single molecule of glucose (Hinkle et al. 1991). However, the reactivity of oxygen
means that its supply to the tissues must be carefully regulated; there should be enough for
the processes that require it but not so much that toxic effects are encountered. Again, just

as with iron, this latter point is often stressed in the literature:

“Oxygen is addicting; in its grip are all the mitochondria-rich eukaryotes
who learned to depend on it during the past 1.4 billion years...Oxygen is
toxic. It rusts a person in a century or less...If introduced today, this gas
might have difficulty getting approved by the Food and Drug
Administration.” (Severinghaus and Astrup 1986)

It is important to be clear from the outset about the meaning of the various terms used when
discussing oxygen availability. References to anoxia (from the Greek, literally without
oxygen) are encountered early in the twentieth century. Barcroft quotes J. S. Haldane’s
famous aphorism at the outset of his 1920 Presidential Address to the Physiological Section

of the British Association for the Advancement of Science:

“Anoxaemia not only stops the machine but wrecks the machinery...The

anoxic type of anoxaemia is the most serious.” (Barcroft 1920)

Subsequently, Peters and Van Slyke stressed the distinction between a general oxygen

deficit and a specific lack of oxygen in the blood:

“Anoxia literally means oxygen lack. We shall use the term to cover any
condition which retards oxidation processes in the tissues...The less
specific word anoxia seems preferable as a general term to cover the
condition defined, ‘anoxaemia’ being limited to...oxygen deficit in the

blood.” (Peters and Van Slyke 1931)
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Under normal circumstances, in the healthy human breathing air at sea level, different
tissues exist over a wide range of oxygen tensions. For example, whilst alveolar oxygen
tension at sea level is approximately 100 mmHg, the actual oxygen tension achieved in the
sarcoplasm of human skeletal muscle has classically been estimated at less than one tenth
this value (Wittenberg and Wittenberg 1989). Newer techniques to measure more
accurately in vivo oxygen tension in subcellular compartments suggest that the gradient
may not in fact be as extreme as this (Mik 2013); nevertheless, it is clear that the relative
hypoxia of many body tissues compared with the oxygen tension in alveolar gas, and thus
arterial blood, is physiological. For this reason, some authors advocate use of terms such as
“physoxia” (McKeown 2014, Kumar and Choi 2015), which this author does not feel adds
clarity. In this thesis the term euoxia will be used to indicate oxygen tensions appropriate
for a human breathing air at normal atmospheric pressure close to sea level, hypoxia to

indicate an oxygen tension lower than this, and hyperoxia a higher oxygen tension.

1.3. Human oxygen-sensing and signalling mechanisms

All nucleated human cells are sensitive to changes in oxygen availability (Semenza 2011,
Clanton et al. 2013). Of course, the most abundant non-nucleated human cell — the
erythrocyte — is itself greatly influenced by changes in oxygen tension. The amount of
oxygen bound to the haemoglobin molecules within a red cell varies in a characteristic way
with the partial pressure of oxygen. This relationship is described by the well-known
sigmoidal oxyhaemoglobin-dissociation curve (Figure 1-2). The binding of oxygen brings
about allosteric effects that alter the affinity of haemoglobin for other ligands (Jensen
2004), notably carbon dioxide — the Haldane effect. It is perhaps arguable that this
phenomenon represents oxygen sensing of a rudimentary sort, though it clearly does not

engender the type of downstream effects that are mediated by the various organs specialised
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for coordinating integrated physiological responses to hypoxia, which we shall now

consider.
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Figure 1-2. Oxyhaemoglobin dissociation curves

Data are for human haemoglobin at 37°C and pH 7.4. The left-hand curves correspond to the left
ordinate and show the relationship over the full range of oxyhaemoglobin saturation. The right-
hand curves correspond to the right ordinate and have the upper portion of the saturation range
expanded. It is clear that a very considerable fall in oxygen tension occurs with only a small
reduction in the percentage saturation. Put another way, the point of alveolar euoxia (100 mmHg)
lies on a region of the curve that might be described as a plateau. The legend indicates the original

sources of the data used to generate the curves. Reproduced from (Severinghaus 1966).

Though any cell may be influenced by a change in oxygen levels, humans possess a variety
of tissues that are specialised for sensing local oxygen availability (Weir et al. 2005), as

opposed simply to being affected by it. These tissues coordinate physiological responses
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that aim to restore oxygen availability locally, or throughout the whole organism. An
example of the former would be the smooth muscle of a systemic arteriole, which tends to
relax in response to hypoxia, dilating the vessel and increasing the supply of oxygenated
blood to, say, an exercising muscle (Barcroft 1972). Examples of the latter include type I
cells of the carotid body (Lopez-Barneo et al. 1988) and pulmonary artery smooth muscle
cells (PASMC) (Olschewski et al. 2002), which respond to hypoxia in such a way as to
respectively bring about an increase in alveolar ventilation, and optimise ventilation-
perfusion matching in the lung. Oxygen availability also regulates processes important in
human reproduction, including placentation (Burton ez al. 2009), and closure of the ductus

arteriosus following the transition to air-breathing at birth (Michelakis ef al. 2002).

There are two fundamental ways in which oxygen tension could be sensed in biological
systems (Sylvester ef al. 2012). The first includes any biological process in which oxygen
is consumed as a substrate; the rate of such a reaction would be expected to be inhibited by
hypoxia and accelerated by hyperoxia. Given the abundance of reactions in which oxygen
participates as a substrate, the number of these sorts of pathways that could fulfil an oxygen-
sensing role is clearly very large indeed. A biological pathway with this sort of requirement
for dioxygen would, though, best sense changes in oxygen availability if the Michaelis
constant (K; the substrate concentration at which the reaction rate is half maximal) for the
reaction were close to euoxia. A second mechanism involves oxygen acting as a ligand for
another molecule, such as an ion channel, with the binding of oxygen initiating a

conformational change triggering a signalling cascade.

The various sites within the cell where changes in oxygen availability could be detected
and a response brought about are thus numerous: hypoxia-sensitive ion channels in the

membrane of the cell or any organelle membrane; any cytosolic enzyme pathway requiring
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dioxygen as a substrate; and the same within the mitochondrion — particularly since this
organelle is the major site of oxygen utilisation with the cell. What follows is an overview
of what is known of the various oxygen-sensing and signalling pathways in humans, with

particular attention paid to the role of iron.

1.3.1. Enzyme pathways requiring dioxygen as a substrate

Of the countless biological reactions that consume oxygen, those of special interest are
catalysed by members of a large family of enzymes — the 2-oxoglutarate-dependent
dioxygenases. These enzymes were identified half a century ago as having a role in the
post-translational modification of collagen (Hutton et al. 1966). In excess of sixty members
of the family have now been identified, with diverse roles in human biology, including
collagen biosynthesis, fatty acid metabolism, and the cellular machinery of transcription
and translation; all so far identified utilise iron as a cofactor (Loenarz and Schofield 2008,
Markolovic ef al. 2015, Martinez and Hausinger 2015). The biological reactions catalysed
by these enzymes utilise dioxygen and 2-oxoglutarate (2-OG, also known as
a-ketoglutarate), generating CO», succinate and a hydroxylated (or in some cases

demethylated) end product.

A very significant role of the 2-OG-dependent dioxygenases is in regulating a family of
transcription factors known as hypoxia-inducible factors (HIFs), which were first
characterised over two decades ago (Wang and Semenza 1995). The group of 2-OG-
dependent dioxygenases that regulate HIF are collectively known as HIF-hydroxylases.
The context for the discovery of HIF was considerable effort on the part of several research
groups internationally to determine the mechanisms governing hypoxic regulation of
expression of the gene EPO, encoding erythropoietin (Beck ef al. 1991, Pugh et al. 1991,

Semenza et al. 1991, Semenza and Wang 1992, Maxwell et al. 1993b).
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Iron was understood to be of importance for hypoxia sensing long before the iron-
containing HIF-hydroxylases were characterised, because of the observed effects of other
metal ions, particularly Co?’, on erythropoietin production. Briefly, following the
demonstration of an erythropoietic effect of cobalt in animals (Waltner and Waltner 1929)
it was shown that administration of cobalt to humans was able to correct some forms of
anaemia (Berk et al. 1949). Subsequently, experiments suggested the mechanism to be
direct stimulation of erythropoietin secretion (Goldwasser et al. 1957, Goldwasser et al.
1958), an observation that was ultimately confirmed in cell-culture experiments (Kurtz et
al. 1983, Goldberg et al. 1987). These studies with cobaltous ions, as well as work with
Ni?* (Jasmin and Solymoss 1975, Morse et al. 1977, Sunderman et al. 1982), led to the

expectation that the oxygen sensor responsible would be a haem protein:

“..cobalt, nickel, or manganese can be substituted for ferrous iron in the
centre of the porphyrin ring of haem. However, cobalt haemoglobin
binds oxygen with low affinity, and nickel haemoglobin is unable to bind
oxygen at all...we propose the following hypothesis: The oxygen sensor
for the regulation of erythropoietin production is a haem protein that is
dependent on the oxygen tension to which erythropoietin-producing
cells are exposed. When the oxygen tension is sufficiently low, this haem
protein is in the deoxy conformation and it triggers increased expression
of the erythropoietin gene. Conversely, when the oxygen tension is
sufficiently high, the haem protein is in its inactive oxy conformation and
does not stimulate erythropoietin production...When either cobalt or
nickel is introduced into this environment, it can substitute for ferrous
iron in the porphyrin ring. The resulting substituted haem protein is
locked in the deoxy conformation and, like the native deoxygenated iron
haem protein, acts to increase erythropoietin expression.”

(Goldberg et al. 1988)
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Notwithstanding the uncertainty surrounding the nature of the oxygen sensor, both iron
chelation with desferrioxamine (DFO), and substitution with Ni** or Co*" ions, were
historically used as indicators of whether a pathway might be oxygen-regulated (Gleadle et
al. 1995, Maxwell and Salnikow 2004, Schofield and Ratcliffe 2004). With the
demonstration that iron chelation using DFO could induce HIF activity and EPO expression
in vitro with a similar time course to that observed with hypoxia (Wang and Semenza 1993),
and the subsequent characterisation of HIF itself (Wang ef al. 1995, Wang and Semenza

1995), the hypothesis that a haem protein was responsible was called into question.

The HIF-protein complex is composed of two subunits designated HIF-a and HIF-f. In
contrast to the HIF-P subunit, HIF-a is unstable and regulated by oxygen tension (Huang
et al. 1996, Salceda and Caro 1997, Huang et al. 1998); the heterodimer is active as a
transcription factor (Semenza et al. 1997). There are three HIF-a proteins in humans,
encoded by separate genes, of which HIF-1a and HIF-2a are the paralogues that have
received the most attention (Kaelin and Ratcliffe 2008). HIF-a is a target for hydroxylation
at three amino-acid residues by the HIF-hydroxylases (Figure 1-3). Two specific proline
residues are targeted by one group of HIF-hydroxylases known as prolyl-hydroxylase
domain enzymes (PHDs) (Bruick and McKnight 2001, Epstein et al. 2001). Hydroxylation
at either site marks HIF-a for polyubiquitination and proteasomal degradation in a process
that involves the binding of von Hippel-Lindau protein (pVHL) (Maxwell et al. 1999,
Tanimoto et al. 2000, Ivan et al. 2001, Jaakkola et al. 2001). Hydroxylation at an asparagine
residue, by another type of HIF-hydroxylase known as factor inhibiting HIF (FIH), does
not promote HIF-a degradation but instead blocks recruitment of transcriptional

coactivators to the complex (Mahon et al. 2001, Hewitson ef al. 2002, Lando et al. 2002a).
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Figure 1-3. Hydroxylation reactions catalysed by iron- and 2-OG-dependent dioxygenases

(A) A single ferrous ion (orange) is bound within the enzyme active site. 2-OG displaces two water
molecules as it binds and then undergoes oxidative decarboxylation generating succinate, CO, and
a ferryl intermediate, which reacts with the substrate bringing about hydroxylation. (B) In the
specific case of the HIF-hydroxylases, two proline residues and a single asparagine residue are the
targets for hydroxylation. Asp, aspartate; Glu, glutamic acid; His, histidine. Adapted from
(Markolovic et al. 2015) and with permission from (McNeill et al. 2005).

As 2-OG-dependent dioxygenases, the HIF-hydroxylases absolutely require dioxygen as a
substrate (McNeill et al. 2002, Ehrismann et al. 2007). Accordingly, as oxygen availability
falls, the rate of HIF-a prolyl-hydroxylation by the PHDs is slowed. HIF-a thus
accumulates and is able to translocate to the nucleus and dimerise with HIF-B. Concurrent
inhibition of asparaginyl-hydroxylation of HIF-a by FIH permits recruitment of the
transcriptional coactivator p300/CBP (Lando et al. 2002b). As might be predicted, in vitro

experiments suggest that HIF-a stabilisation is greatest over the range associated with
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hypoxic and ischaemic events in vivo (Jiang et al. 1996b). HIF heterodimers bind to
hypoxia-response elements (HREs) in the genome and control the expression of hundreds
of genes (Figure 1-4), including those central to the regulation of erythropoiesis (Jiang et
al. 1996a), angiogenesis (Forsythe et al. 1996), and metabolism (Kim ez al. 2006). Thus,
HIFs are central to the regulation of cellular and integrated physiological responses to

variations in oxygen availability in metazoans (Kaelin and Ratcliffe 2008, Semenza 2011).
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Figure 1-4. Regulation of HIF-a by oxygen availability

Prolyl hydroxylation of the HIF-a subunit under euoxic conditions leads to recruitment of the von
Hippel-Lindau (VHL) protein, followed by polyubiquitination and proteasomal degradation. Under
hypoxic conditions the hydroxylation reaction is inhibited; HIF-a escapes degradation,
translocates to the nucleus, and binds HIF-B. Asparaginyl hydroxylation by FIH is similarly inhibited
such that transcriptional coactivators can be recruited, and the complex is able to regulate
transcription at hypoxia-response elements (HREs) within the genome. Pro, proline; Asn,
asparagine; CBP, CREB (cAMP response element-binding protein)-binding protein; aKG, alpha-

ketoglutarate (2-OG). Adapted from (Eltzschig et al. 2014) with permission.
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We now understand that the oxygen regulation of EPO, as well as the host of other genes
regulated by the HIF system, does not rely on haem, but instead a single ferrous ion
coordinated at the active site of the HIF-hydroxylases (Epstein ef al. 2001, Lando et al.
2002a, Schofield and Ratcliffe 2004, McDonough et al. 2006), which is essential for
electron transfer (Clifton et al. 2006). This explains the in vitro observations that DFO is
able to induce the paralogues HIF-1a and HIF-2a at the protein level within hours, similar
to the kinetics observed with hypoxia (Wiesener et al. 1998). It also accounts for the finding
that treatment with DFO four hours prior to introduction of hypoxia prevents binding of
pVHL to HIF-1, but addition of iron chelators does not break this complex once it has been
formed (Maxwell et al. 1999). Subsequent cell culture experiments have confirmed the
effect of iron availability on HIF activity via altered HIF-hydroxylase function (Knowles

et al. 2006, Pan et al. 2007, Eckard et al. 2010, Nandal et al. 2011).

Interestingly, the extent to which cobalt acts on the HIF pathway by displacing iron from
the HIF-hydroxylases is unclear (Maxwell and Salnikow 2004). Other mechanisms are
possible, including an action to compete with iron for cellular iron uptake by divalent metal
transporter 1 (DMT1) (Gunshin et al. 1997), and direct binding to HIF so as to interfere
with its regulation by pVHL in a manner that is independent of the action of the PHDs

(Yuan et al. 2003).

The consequences of targeted genetic disruption of the HIF pathway in animal models
demonstrate that HIF is a key regulator of cardiopulmonary physiology and metabolism
(Yu et al. 1999, Brusselmans et al. 2003, Aragones et al. 2008, Minamishima et al. 2008,
Moslehi et al. 2010, Bishop et al. 2013, Ghosh ef al. 2013, Tan et al. 2013, Slingo et al.
2014, Dai et al. 2016, Hodson et al. 2016, Kapitsinou ef al. 2016). Spontaneously occurring

mutations confirm this to be the case in humans, with genetic upregulation of the pathway

13



Chapter 1. Introduction

resulting in polycythaemia, pulmonary arterial hypertension, abnormal ventilatory drive
and metabolic abnormalities (Bushuev et al. 2006, Smith et al. 2006, Ladroue et al. 2008,
Percy et al. 2008, Formenti et al. 2010, Formenti et al. 2011, Sable et al. 2011, McClain et
al. 2013). Additionally, in some human populations resident for thousands of years at high
altitude, there is evidence for natural selection of HIF-pathway gene variants associated
with downregulation of hypoxia sensing (Beall et al. 2010, Lorenzo et al. 2014, Petousi et

al. 2014). Many of these studies will be considered in more detail in subsequent chapters.

1.3.2. Hypoxia-sensitive ion channels

An oxygen-sensitive transcription factor system such as HIF clearly cannot operate quickly
enough to bring about the sort of rapid physiological responses to changes in oxygen
tension that occur in higher organisms; there must exist oxygen-sensitive pathways that do
not rely on de novo protein synthesis. lon channels are one of two sorts of sensors that
predominate within vertebrate sensory systems capable of rapidly responding to changes in
the concentration of small molecules, the other being G-protein-coupled receptors (Julius

and Nathans 2012).

Much of the work on hypoxia-sensitive ion channels has focussed on the carotid body,
because the ventilatory responses orchestrated by this organ in response to hypoxaemia
occur extremely rapidly, suggesting that the signal transduction process must involve
changes in existing proteins, rather than oxygen-regulated gene expression (Prabhakar and
Semenza 2015). In 1988 an oxygen-sensitive K current was identified in rabbit carotid
body type I cells (Lopez-Barneo et al. 1988). Subsequently it was demonstrated that
hypoxia brought about a rise in intracellular [Ca**] in these cells (Figure 1-5), and that this

was largely due to voltage-gated Ca®" entry (Buckler and Vaughan-Jones 1994).

14



Chapter 1. Introduction

A 400 Anoxia Anoxia
350 -
300 |-
[Ca®'], 250 -
(nM) 200
150
100 t
50
B +10
mv[ | \ “
ol
20 200 ms
0
Em -20
(mV) -40
-60 P T
-80
C
20
m Rt e
(PA) 0{ i T ey iy

1 min

Figure 1-5. Perforated-patch recordings from a single isolated rat carotid body type | cell

(A) Intracellular calcium concentration ([Ca?'])). (B) Membrane potential (En); the inset trace with
expanded time scale illustrates individual action potentials during anoxia. (C) Current (/). Initially
the current is clamped at zero; during the second anoxic exposure the cell is voltage clamped at
approximately -60 mV. The inward shift of holding current induced by hypoxia at potentials close
to the resting potential indicates either suppression of an outward K* current or activation of an

inward Na* or Ca?* current. Reproduced with permission from (Buckler and Vaughan-Jones 1994).

Further experiments have indicated that hypoxia depolarises type I cells by inhibiting a
small voltage-insensitive background K" conductance (Buckler 1997), rather than by
directly inhibiting voltage-gated K" channels. The channels responsible for this background
K" conductance have been identified in mice as belonging to the TWIK-related acid-
sensitive K channel (TASK) family (Turner and Buckler 2013) (TWIK: tandem of p

domains in a weak inward rectifying K channel). Interestingly, murine TASK channel
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behaviour is affected similarly by hypoxia and the metabolic inhibitors cyanide and FCCP
(carbonyl cyanide 4-(trifluoromethoxy)phenylhydrazone), suggesting that mitochondria
play an important role in modulating the hypoxia-sensitivity of these channels (Buckler and

Turner 2013, Buckler and Turner 2015).

There also exists a putative role for gaseous messengers, including hydrogen sulphide,
nitric oxide and carbon monoxide, in mediating the hypoxia responsiveness of ion channels
in the carotid body (Prabhakar and Peers 2014). Much controversy remains about the exact
pathways involved, and our understanding of the role of ion channels in the oxygen-sensing
behaviour of the carotid body is far from complete (Kumar and Prabhakar 2012). It is clear,
though, that ion channels modulated by hypoxia, however indirectly, provide a mechanism

for the acute regulation of ventilation in response to changes in oxygen availability.

A rather similar state of affairs is evident in the pulmonary circulation. It is clear that the
immediate response of the pulmonary vasculature to hypoxia — hypoxic pulmonary
vasoconstriction (HPV) — is so rapid that it is bound to involve hypoxia-sensitive ion
channels. Several years after the first identification of a hypoxia-sensitive K™ current in
type I cells of the carotid body, a similar phenomenon was implicated in HPV by studies
of PASMCs and pulmonary vascular tissue preparations (Post et al. 1992). Subsequently
the coincidence, when pulmonary arterial smooth muscle was exposed to increasingly
severe degrees of hypoxia, of graded responses in K current, membrane potential, and
intracellular Ca®*, provided secure evidence of the importance of ion channels in HPV

(Olschewski et al. 2002).

Other settings in which oxygen-regulated K* channels are implicated include the ductus

arteriosus (Michelakis et al. 2000), fetal arteries of the placenta (Hampl et al. 2002) and
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neuroepithelial bodies (Youngson et al. 1993). Just as with the carotid body and pulmonary
circulation, though, in none of these settings has a directly oxygen-sensitive ion channel

been convincingly shown to operate (Sylvester et al. 2012).

1.3.3. Mitochondria

Mitochondria have long been suspected to have a role in oxygen sensing, given how well
placed they are for such a function, as the major site of oxygen consumption in the cell
(Chandel and Schumacker 2000). The demonstration that the hypoxia sensitivity of certain
ion channels seems to be mediated by this organelle does not of course provide an
immediate answer as to how the oxygen-sensing process is actually effected. It simply

moves the uncertainty to a different subcellular compartment.

One particular difficulty is that there may be significant differences between mitochondria
from the various hypoxia-sensitive tissues. It would be wrong to become too diverted by
the controversies surrounding these issues. However, given that several mitochondrial
proteins involved in the electron transport chain (ETC) require iron as a cofactor, the
organelle is clearly a site of potentially significant interactions between iron homeostasis
and hypoxia sensing. This 1s because the ETC is highly likely to be involved, in some way,

in conferring hypoxia-sensitivity on mitochondria. As Buckler and Turner explain:

“..it is difficult to reconcile our data with any single effect other than an
inhibition of electron transport. Since all other interventions which
inhibit electron transport also cause excitation in the carotid body, the
most parsimonious explanation of all these data is that even if complex
IV is not the primary site of oxygen sensing, modulation of electron
transport is probably an integral part of the hypoxia transduction

cascade.” (Buckler and Turner 2013)
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Figure 1-6 illustrates three hypotheses for the mechanisms involved in oxygen sensing by
mitochondria (in this particular case, those of a PASMC). The redox hypothesis proposes
that hypoxia inhibits oxidative phosphorylation, thus promoting a more reduced cytosolic
redox state, characterised by, for example, an increased abundance of the reduced form of
the electron carrier nicotinamide adenine dinucleotide — NADH. Consequently, it is
postulated, reactive oxygen species (ROS) generation is suppressed, which leads to closure

of K* channels and membrane depolarisation (Archer ef al. 1993).

The ROS hypothesis, in contrast, contends that hypoxia somehow brings about an increase
in ROS within mitochondria (Waypa et al. 2006); the mechanism by which this might occur
is itself the subject of much conjecture. Finally, the energy state/AMP-kinase hypothesis
posits that during hypoxia a rise in the cellular AMP/ATP ratio activates AMP-activated
protein kinase and promotes extracellular calcium entry and release from intracellular

stores (Evans et al. 2005).

In addition to the role of the mitochondrion in mediating the behaviour of hypoxia-sensitive
ion channels, mitochondrial ROS have been reported to be important for HIF-1a and
HIF-2a stabilisation in vitro during hypoxia (Chandel et al. 2000, Mansfield et al. 2005),
although others have found that an active mitochondrial ETC is not necessary for HIF-1

activation (Srinivas et al. 2001, Vaux et al. 2001).
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Figure 1-6. Proposed mechanisms of mitochondrial oxygen sensing in PASMCs

(A) Redox, (B) ROS, and (C) energy state hypotheses (see text). AMP, adenosine monophosphate;
AMPK, AMP kinase; ATP, adenosine triphosphate; cADPR, cyclic adenosine diphosphate ribose;
GLUT, glucose transporter; GSH, glutathione; GSSG, GSH disulphide; Ky, voltage-dependent K*
channel; NAD, nicotinamide adenine dinucleotide; NADP, NAD phosphate; NSCC, nonselective
cation channel; RyR, ryanodine receptor; SOCC, store-operated Ca?* channel; SR, sarcoplasmic

reticulum; VOCC, voltage-operated Ca?* channel. Reproduced from (Sylvester et al. 2012).
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1.4. Human iron homeostasis

As a transition metal, the chemistry and redox reactivity of iron confer several properties
that make it particularly suited as a catalyst for biological reactions, including the capacity
for oxygen binding, protein interaction and electron transfer (Aisen et al. 2001). Iron
bioavailability and distribution must, though, be carefully regulated in order to avoid the

potential toxicity of iron.

Painstaking work many decades ago using radioiron began the process of characterising
human iron homeostasis in detail (Pirzio-Biroli et al. 1958, Finch 1959, Pollycove and
Mortimer 1961) (Figure 1-7). It is important to note, though, that the majority of this
research was performed in male subjects. The average adult human body contains 3-4
grams of iron, distributed between erythrocytes, storage iron (predominantly in the liver)
and the bone marrow. The daily iron requirement for an adult is around 35 mg, the vast
majority of which is derived from recycling within the reticuloendothelial system of

senescent red cells.

Iron losses amount to around 1-2 mg per day, mainly from bleeding into, and loss of
desquamated mucosal cells from, the bowel, but losses also occur from the skin and in the
urine (Green et al. 1968). This 1-2 mg is the amount that must be absorbed daily from the
gut in order to maintain neutral iron balance. Importantly, none of these processes
represents a regulated pathway for the excretion of excess iron (Ganz 2013). As a result,
iron uptake must instead be tightly regulated to avoid the deleterious consequences of iron
accumulation and overload. In premenopausal women there is, of course, the added factor
of menstrual iron loss. There exists high inter-individual variability, with iron losses of

2-79 mg per menstrual cycle considered normal (Price ef al. 1964), which could clearly add
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considerably to the daily requirement for absorption in women of reproductive age if

neutral iron balance is to be maintained.
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Figure 1-7. Body iron kinetics in health

Top: Compartmentalisation of body iron. The overwhelming majority is located within circulating
erythrocytes. Bottom: Iron exchange between compartments. Though very little iron is actually to
be found in the circulation outside red cells, this compartment turns over many times each day.
The figures shown are based on data obtained from experiments involving mainly male volunteers.

RBC, red blood cell. Reproduced with permission from (Pollycove and Mortimer 1961).
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Though the quantitative movement of iron between various compartments has been
reasonably well understood for some decades, the hormonal regulation of iron uptake and
storage has been characterised only relatively recently. The hepatic peptide hormone
hepcidin is now recognised as central to mammalian iron homeostasis (Finberg 2013, Ganz
2013). Hepcidin acts to lower serum iron by downregulating gastrointestinal absorption and

promoting sequestration of iron within hepatocytes and splenic macrophages (Figure 1-8).
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Figure 1-8. Systemic iron homeostasis

The peptide hormone hepcidin is viewed as the central regulator of iron metabolism. Inhibition of
iron egress from duodenal enterocytes (1), hepatocytes (2) and splenic macrophages (3), via the
action of hepcidin to promote degradation of the iron transporter ferroportin, promotes

hypoferraemia. Reproduced with permission from (Evstatiev and Gasche 2012).
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1.4.1. Ferritin

The major mammalian iron storage protein was discovered eighty years ago by the Czech
physician and physiologist Vilém Laufberger, who gave the name ferritin to a substance —
composed of 23% iron by mass — which he had isolated as a cadmium salt from horse spleen
(Laufberger 1937). It is now known that ferritin exists as a protein complex composed of
24 subunits, which form an almost spherical shell of molecular weight 450 kDa that can
sequester 4000-4500 iron atoms (Harrison and Arosio 1996, Arosio and Levi 2002). The
iron is stored in the ferric form, and ferritin has intrinsic ferroxidase activity such that it is
able to oxidise ferrous iron as it is taken up by the molecule and internalised for storage
(Figure 1-9). Two different ferritin subunits exist, designated according to their
electrophoretic migration as H (heavy) and L (light). Early studies reported — somewhat
conveniently from the perspective of nomenclature — that ferritin isolated from liver
contained mainly the L form, whilst that obtained from heart muscle was found to consist
of a greater proportion of H subunits (Arosio et al. 1976). Comparing the amino acid
sequence of H and L subunits isolated from human liver reveals 56% of residues to be

identical and 81% similar or identical (Andrews et al. 1992).

Most storage iron is to be found within the liver, thus ferritin is an abundant intracellular
hepatocyte protein. Early reports suggested that ferritin entered the circulation in certain
disease states, but that it was not possible to quantify it in health (Baez et al. 1950,
Reissmann and Dietrich 1956, Aungst 1966). Ferritin was ultimately accurately quantified
in the serum of healthy individuals (and those with iron deficiency) with improvements in
radioimmunoassay techniques (Addison et al. 1972). The authors of that work suggested,
somewhat guardedly, that measurement of serum ferritin might eventually find some utility

as an index of body iron storage.
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Figure 1-9. Schematic representation of a ferritin molecule

A total of twenty-four H and L subunits come together to form a near-spherical shell capable of
encapsulating over 4000 iron atoms. As ferrous iron is internalised it is converted to the ferric

form. Reproduced with permission from (Knovich et al. 2009).

Despite a huge amount of work since the first accurate quantification of ferritin in the serum
of healthy individuals, it is remarkable how poorly understood the biology of extracellular

ferritin remains, a point repeatedly made in the literature:

“What is most surprising is that despite this long history of clinical use,
fundamental aspects of the biology of serum ferritin are still unclear. For
example its tissue of origin, secretory pathway, receptor interactions

and cellular effects remain topics of active debate.” (Wang et al. 2010)

“..it is surprising that the physiological function(s) of serum ferritin and
its source (that is, whether it is derived from damaged cells or actively
secreted by a regulated mechanism) still remain to be defined.”

(Hentze et al. 2010)
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Having said this, it matters very little to the subject of this thesis if the exact mechanisms
underlying the presence of ferritin in the serum, and indeed possible actions of the protein
once it arrives there, are elusive. What is important is whether serum ferritin can reliably
aid in the determination of an individual’s iron status, as surmised at the outset (Addison et
al. 1972). 1t is of interest, though, that mouse studies have suggested that the main source
of serum ferritin may be secretion by macrophages, rather than a cytosolic leak from cells

(Cohen et al. 2010).

1.4.2. Transferrin and transferrin receptor

The major mammalian iron transport protein, transferrin, consists of a single polypeptide
chain of molecular weight approximately 80 kDa. The tertiary structure is of two globular,
homologous lobes, each of which contains a cleft formed by two subdomains, wherein a
single ferric ion may bind (Sheftel et al. 2012). Chelation by transferrin of iron in the
circulation serves three purposes. First, it maintains ferric iron in a soluble form in the
bloodstream; secondly, it aids regulated transport and cellular uptake of iron; and thirdly,
it preserves ferric iron in an inert state, protecting against the generation of free radicals
(Gkouvatsos et al. 2012). Transferrin is synthesised predominantly by the liver, but smaller

amounts are expressed in the testis and brain (Zakin 1992).

Transferrin exists in three forms: apotransferrin — without any iron bound; monoferric
transferrin — with a single ferric ion bound; and diferric transferrin (holotransferrin) — with
both binding sites occupied. As serum iron concentrations rise the transferrin saturation
(TSat) increases and holotransferrin becomes increasingly abundant. The relationship
between TSat and the relative proportions of the various forms of transferrin is illustrated

in Figure 1-10.
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Uptake of iron from the bloodstream into cells is achieved via transferrin receptor 1 (TfR1)
on the cell surface. TfR1 is widely expressed, and cells with particularly high iron demands
— such as developing erythroid and intestinal epithelial cells — show the highest levels of
expression (Ponka and Lok 1999, Aisen 2004). Importantly, the binding of iron to
transferrin alters its affinity for TfR1 by orders of magnitude, such that holotransferrin is
the most readily taken-up species. Holotransferrin binds to TfR1 with 30-fold higher
affinity than monoferric transferrin, and 500-fold higher affinity than apotransferrin
(Young et al. 1984). Once transferrin has bound to TfR1, a reasonably well understood
series of events takes place to transport the iron into the cell and recycle apotransferrin back

to the circulation, as illustrated in Figure 1-11.
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Figure 1-10. Relationship between TSat and distribution of transferrin species

Complete saturation of the iron-chelating capacity of circulating transferrin is achieved when all
molecules have both binding sites occupied. Reproduced with permission from (Finch and Huebers

1982). Copyright Massachusetts Medical Society.
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Though iron bound to transferrin accounts for less than 0.1% of total body iron, because in
excess of two million new erythrocytes are produced every second by the bone marrow,
plasma transferrin turns over more than ten times per day. In fact, it is estimated that a given
ferric ion is expected to reside in the circulating transferrin pool only for approximately 90
minutes before being taken up (Cavill 2002). More than 80% of the transferrin-bound iron

that circulates every day is delivered to bone marrow erythroblasts (Ponka et al. 1998).
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Figure 1-11. Cellular uptake of transferrin-bound iron and recycling of apotransferrin

Circulating holotransferrin binds to TfR1 (transferrin receptor 1) and the complex undergoes
endocytosis via clathrin-coated pits. Acidification of the resulting endosomes causes release of
ferric iron (Fe3*), which is reduced to the ferrous form (Fe?*) by the metalloreductase STEAP3
(six-transmembrane epithelial antigen of prostate 3). Ferrous ions traverse the endosomal
membrane to the cytosol via DMT1 (divalent metal transporter 1). Apotransferrin is returned to
the cell surface and released from TfR1 to allow another iron uptake cycle from the bloodstream.

Modified from (Gkouvatsos et al. 2012) with permission.
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1.4.3. Hepcidin and ferroportin

Though often described as the ‘master regulator of iron homeostasis’ it is important to
recognise that the hormone hepcidin was identified on the basis of its antimicrobial
functions (Krause et al. 2000, Park et al. 2001, Pigeon et al. 2001). That there should be
crosstalk between iron homeostasis and the innate immune system is understandable given
that iron is important for almost all microorganisms pathogenic to humans (Drakesmith and

Prentice 2012). However, this brings important consequences for human iron homeostasis.

Hepcidin binds to and stimulates the internalisation and degradation of ferroportin, a
transmembrane iron-transport protein (Nemeth et al. 2004b). Hepcidin promotes
hypoferraemia via two main mechanisms. First, inhibition of ferroportin activity in the
gastrointestinal tract prevents release of iron taken up by duodenal enterocytes, into the
bloodstream. Secondly, inhibition of ferroportin activity in hepatocytes and splenic
macrophages promotes iron sequestration within the reticuloendothelial system (Figure
1-8). Acute elevation of hepcidin will therefore alter the tissue distribution of iron but do
nothing to total body stores; sustained elevation will invariably lead to a reduction in body
iron as the inevitable daily losses of iron are no longer matched by gastrointestinal uptake.

The factors involved in regulating hepatic hepcidin expression are shown in Figure 1-12.

Just how effective hepcidin is at promoting hypoferraemia and sequestration of iron is
attested by a series of patients with glycogen storage disease who developed hepatic
tumours secreting the hormone. These individuals suffered from a form of iron-deficiency
anaemia (IDA) refractory to oral iron supplementation, and only partially responsive to
intravenous (IV) iron therapy (Weinstein ef al. 2002). The explanation for this observation
is presumably that absorption of oral iron was blocked, and iron administered intravenously

was sequestered in the liver and spleen at the expense of the bone marrow.
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Figure 1-12. Functionally distinct regulators of hepatocyte hepcidin expression

Erythropoiesis suppresses expression of HAMP (the gene encoding hepcidin) by mechanisms that
are not entirely clear; growth differentiation factor 15 (GDF-15), twisted gastrulation protein
homolog 1 (TWSG1) and, most recently, erythroferrone have been implicated. Iron status
influences hepcidin expression through two mechanisms: TSat and a storage iron signal provided
by bone morphogenetic protein 6 (BMP-6). Binding of holotransferrin to TfR1 displaces human
hemochromatosis protein (HFE), which interacts with TfR2 to upregulate hepcidin, possibly via Erk
(a mitogen-activated protein kinase). Binding of BMP-6 to its receptor (BMPR) at the cell
membrane activates the SMAD (Mothers Against Decapentaplegic Homolog) pathway;
haemojuvelin functions as a BMP coreceptor augmenting the signal. Hypoxia increases the
expression of two HIF-regulated genes, encoding matriptase-2 and furin. Matriptase-2 cleaves
haemojuvelin from the cell surface, perhaps facilitated by neogenin, preventing its function. Furin
cleaves haemojuvelin during processing to produce a soluble form that acts as a BMP-6 decoy.
Inflammation increases hepcidin expression via interleukin-6 (IL-6) and the JAK-STAT (Janus-
associated kinase-signal transducers and activators of transcription) pathway. Reproduced with

permission from (Fleming and Ponka 2012). Copyright Massachusetts Medical Society.
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Much about the regulation of hepcidin expression is incompletely understood (Finberg
2013) and there remains doubt about exactly how the proteins involved interact (D'Alessio
et al. 2012, Rishi et al. 2013). Despite the uncertainties, key points that have been
established include that a second form of transferrin receptor, TfR2, identified some time
after TfR1 (Kawabata et al. 1999) and with more restricted tissue expression, is important
in this process. HFE and various components of the BMP pathway are also crucial (Lin ef
al. 2007, Wu et al. 2014). The clinical consequences of mutations in the genes ending these
proteins are particularly informative (Camaschella 2005). Notably, nearly all forms of
human haemochromatosis have in common circulating hepcidin levels that are
inappropriately low given iron bioavailability, the exception being mutations conferring on

ferroportin resistance to hepcidin (Mayr et al. 2010).

1.4.4. Iron-responsive elements and their binding proteins

Intracellular responses to iron are regulated through iron-responsive elements (IREs) and
the iron regulatory proteins (IRPs) that bind to them (Hentze et al. 2010). Unlike HREs,
which transcriptionally regulate gene expression, IREs are found in the 5’ and 3’
untranslated regions of various mRNAs and exert translational control over a number of
genes important in iron homeostasis. The action of a given IRE can be to promote or inhibit
translation, and they are found, notably, in the mRNAs encoding ferritin (Aziz and Munro
1987, Hentze et al. 1987), TfR1 (Casey et al. 1989), DMT1 (Gunshin et al. 2001) and

ferroportin (Lymboussaki et al. 2003).

The two related IRPs, IRP1 and IRP2, are iron-regulated in significantly different ways
(Anderson ef al. 2012). IRP1 has dual functions, operating as a high affinity IRE-binding
protein in its apoprotein form, but when an iron-sulphur cluster binds, this activity is lost

and the complex functions instead as a cytosolic aconitase. IRP2 does not have this latter
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function, but is instead primarily regulated by iron-mediated proteasomal degradation (Guo
et al. 1995, Iwai et al. 1995). Studies in genetically modified animals initially suggested
that IRP2 was dominant, with marked and widespread disruption of iron homeostasis found
in animals with targeted deletion of IRP2 (Cooperman et al. 2005, Galy et al. 2005) but not
those lacking IRP1, in whom the phenotype was reported to be more tissue-restricted

(Meyron-Holtz et al. 2004).

However, subsequent work has uncovered an important role for IRP1 in coordinating iron
homeostasis, oxygen sensing and erythropoiesis (Anderson et al. 2013), which arises for
two reasons. First, HIF-2a mRNA contains an IRE in the 5’ region (Sanchez et al. 2007),
whereas HIF-1a does not. The effect of IRP1 binding to this IRE in HIF-2a is inhibitory,
meaning that under conditions where intracellular iron is scarce and IRP1 is an apoprotein,
it is able to bind HIF-2a mRNA and repress its translation. Thus, the post-translational
control of HIF-2a degradation by the iron-dependent HIF-hydroxylases, and the
translational regulation of HIF-2a protein synthesis by IRP1, represent two opposing
regulatory influences of iron on the HIF pathway. Secondly, hypoxia itself has direct — but
opposing — effects on IRP1 and IRP2 activity, apparently stabilising the latter (Hanson et
al. 1999) but favouring the aconitase function of the former at the expense of its IRP activity

(Deck et al. 2009).

In summary, the cellular effects of iron deficiency on HIF-2a are predicted to be inhibition,
via IRP1, of HIF-2a mRNA translation, but also inhibition, via the PHDs, of HIF-2a protein
degradation; competing etfects on protein levels of HIF-2a within the cell. In the case of
hypoxia, HIF-2a mRNA translation will be promoted, via impaired IRP1-mediated
inhibition, as will HIF-2a protein stabilisation, via inhibition of prolyl-hydroxylation;

synergistic effects to raise intracellular levels of HIF-2a protein (Figure 1-13).
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IRP1 is the predominant IRP in renal interstitial fibroblasts and pulmonary endothelial cells
(Zhang et al. 2014a). As will be discussed in due course, with respect to both erythropoietin
synthesis and HPV, HIF-2a appears to play a much greater role than HIF-1a. Accordingly,
these interactions between the IRP-IRE system and the HIF pathway are likely to be of very

considerable importance for some of the physiological processes examined in this thesis.

IRP1 PHD/VHL
—— Hypoxia —
& Iron
Deficiency

—> HIF2a >
Synthesis ‘l’ Degradation

Genome-wide adaptive responses

Figure 1-13. Regulation of HIF-2a protein levels by iron and oxygen via IRP1 and the PHDs

IRP1 governs HIF-2a translation, whereas the PHDs control stability of the resultant protein.
Hypoxia has the same ultimate effect via both pathways — to increase HIF-2a protein abundance.
Iron deficiency, in contrast, has opposing effects. Intracellular iron levels might therefore be
expected to fine-tune’ responses to hypoxia, as appropriate for prevailing iron availability at any
given time. Arrows represent stimulatory effects, lines ending in bars indicate inhibitory effects.

Reproduced with permission from (Anderson et al. 2013).

HIF-2a has been found to be translationally repressed in response to dietary iron deficiency
in rats (Davis et al. 2011), and deletion of IRP1 in mice leads to splenomegaly and

extramedullary haematopoiesis (Wilkinson and Pantopoulos 2013). If these animals are fed
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an iron-deficient diet, erythropoiesis can paradoxically be stimulated, as a result of further
augmentation of erythropoietin synthesis (Ghosh et al. 2013). In some ways, therefore, a
loss of IRP1 function may be considered to be similar to a HIF-2a gain of function
(Anderson et al. 2013). It has been suggested, based on such experiments, that IRP1 is the
principal regulator of HIF-2a mRNA translation in vivo, and that this mechanism is likely
to dominate PHD-mediated post-translational regulation of HIF-2a stability (Wilkinson
and Pantopoulos 2013). The studies in this thesis will be informative with respect to the
extent to which the integrated physiological responses to hypoxia seen in iron-deficient

humans support this model.

1.5. Iron deficiency

1.5.1. Definitions

In order to determine whether or not there exists an effect of iron deficiency on human
hypoxia physiology it seems obvious that a clear definition of the former will be necessary.
Here a difficulty is immediately encountered, which is well articulated by a pioneering

group reporting their efforts to study iron deficiency in Wales in the 1960’s:

“The prevalence of iron deficiency is necessarily an artificial concept
depending on the diagnostic criteria adopted. Iron deficiency exists in
different grades of severity and if depletion of body iron stores alone is
accepted as an early manifestation of the process then iron deficiency is

very common in some sections of the population.” (Jacobs et al. 1969)

From this statement it is clear that, even prior to the development of a reliable assay for

serum ferritin, a distinction was being drawn between deficiency and depletion of iron
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within the human body. Clement Finch, widely regarded as the father of the field of human

iron biology (Watts 2010), suggested the following definitions:

“Iron depletion refers to a decrease in iron stores from that expected for
the age and sex of the individual but intact essential body iron. Iron
deficiency refers to a virtual exhaustion of iron stores and a deficient
plasma iron supply in an individual with no significant decrease in
haemoglobin concentration. Iron deficiency anaemia refers to the
presence of iron deficiency and anaemia due to iron deficiency. Iron-
deficient erythropoiesis refers to a deficient marrow iron supply,

regardless of the iron supply to other body tissues.” (Finch 1994)

Finch’s classification well illustrates the issue of the close relationship of erythropoiesis
with iron status mentioned earlier. It is perfectly possible, of course, that for other
physiological processes, iron deficiency means something quite different to the state that
has been determined to have consequences for red cell production. It could be the case that
in another organ system — the pulmonary circulation, say — tissue iron levels are perfectly
adequate for those processes that require iron long after reduced iron supply has begun to
have effects on erythropoiesis. On the other hand, it is equally possible that the production
of erythrocytes is of such importance for the wellbeing of the organism that some other
tissues are preferentially drained of their iron before erythropoiesis is significantly

compromised.

A further challenge is that different types of iron deficiency are recognised. The most
straightforward of these to understand is absolute iron deficiency, of the sort described in

the quote above by Finch: absent iron stores. However, the level of storage iron, except in
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states of overload, may not be the parameter of primary interest from a physiological

perspective:

“Iron in stores is metabolically inactive and is not only unavailable for
immediate use but may be difficult to bring into use at all. The real
clinical issue lies in active iron metabolism, the movement of iron from
effete red cells and into further generations of developing red cells.”

(Thomas et al. 2013)

Despite sufficient or even abundant body storage iron there may still exist a state of
functional iron deficiency. This phenomenon was highlighted when recombinant
erythropoietin entered clinical use for the treatment of renal anaemia. In this situation,
despite a normal or raised serum ferritin concentration and stainable iron in the bone
marrow, erythropoiesis could nevertheless generally be augmented by IV iron
supplementation (Macdougall ef al. 1989). This observation implied that iron-deficient
erythropoiesis (IDE) was present, and that the rate of mobilisation of iron from stores could
not keep pace with the demands of the marrow when stimulated by erythropoietin. A very
similar situation is seen on ascent to high altitude (Gassmann and Muckenthaler 2015).
Finch himself used the term relative iron deficiency to describe this situation in the context

of haemolytic anaemias (Finch and Huebers 1982).

Another term that is used to describe a setting in which total body iron stores are apparently
adequate, but supplies of iron appear scarce, is iron sequestration (Goodnough et al. 2010).
Here the iron seems to be ‘locked away’ and unavailable for a particular physiological
process. This state of affairs is most commonly seen in patients with chronic inflammatory
conditions, in whom hepcidin expression is stimulated by inflammatory signals (Thomas

et al. 2013).
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These distinctions may not hold up well in clinical practice. For example, chronic renal
disease is often accompanied by significant systemic inflammation, so the iron deficiency
seen will rarely be purely functional. Also, as already noted, long-standing upregulation of
hepcidin can reasonably be expected to lead to absolute iron deficiency, if duodenal iron

uptake is blocked for a sufficient period of time.

1.5.2. Diagnosing iron deficiency

1.5.2.1. Histological assessment of tissue iron content

Direct examination of a sample of bone marrow for stainable iron (haemosiderin) is viewed
as the gold standard for the diagnosis of absolute iron deficiency (Zimmermann 2008), but
a major downside of this approach is its invasiveness, discomfort and associated risk of
complications. Additionally, it has been pointed out that the risk of underestimating iron
stores and even falsely reporting absent stainable iron is not insignificant with this

approach, due to technical factors (Barron ef al. 2001, Hughes ef al. 2004).

When considering studies that have used bone marrow examination to determine iron
status, the problem of ascertainment bias arises, since bone marrow will more often have
been sampled in individuals suspected of having iron deficiency as a cause of an anaemia,
or a haematological disorder of some sort for which examination of the marrow was
undertaken in pursuit of a diagnosis. Very few studies provide data on the prevalence of
absent bone marrow stainable iron in the population without IDE or IDA, and it does not
seem likely that further studies aimed at filling this gap in our knowledge would find many
volunteers. Having said this, the studies that have been performed do allow us to say with
some confidence how indices obtained from a venous blood sample correlate with iron

stores, albeit with this important caveat.
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1.5.2.2. Ferritin

Soon after a reliable assay had been developed, it was reported that a serum ferritin
concentration < 10 pg/L was associated with a low TSat (< 16%) and IDE (Jacobs et al.
1972); this study did not involve any further assessment of body iron stores. Next, it was
shown using serial phlebotomies that serum ferritin correlated very strongly with
mobilisable iron stores; it was estimated that 1 pg/L serum ferritin represented
approximately 8 mg stored iron (Walters et al. 1973). Thereafter, a study using radioiron
absorption as an index of iron stores reported a very strong inverse correlation between

serum ferritin and oral radioiron uptake from the gut (Cook et al. 1974).

The conclusions of these three studies were based primarily on observations in healthy
individuals. Subsequently, a study of 250 hospitalised patients with anaemia or disordered
iron homeostasis, a third of whom underwent bone marrow examination, reported a
geometric mean serum ferritin of 4 pg/L in patients with uncomplicated iron deficiency
(Lipschitz et al. 1974). This study also highlighted the effects of various chronic disease
states on serum ferritin, including chronic inflammatory conditions and liver disease, both
of which significantly elevated serum ferritin. The authors noted, though, that serum ferritin
in patients with these conditions increased progressively with levels of stainable iron — a
relationship between bone marrow iron and serum ferritin still persisted (Figure 1-14). In a
review of published studies of uncomplicated IDA, including a total of 154 patients, only
2.6% of individuals with ferritin levels greater than 12 pg/L had no stainable iron in the

bone marrow (Cook 1982), attesting the extremely high sensitivity of the test in this setting.

Two decades after these studies, a systematic review concluded that serum ferritin
determination was an extremely powerful test for the diagnosis of IDA (Guyatt et al. 1992).

These authors calculated that in patients suspected of having iron deficiency as a cause of
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anaemia, a serum ferritin < 15 pg/L increased the likelihood of iron deficiency by a factor
of over 50; effectively, a serum ferritin < 15 pg/L could be taken as diagnostic. This work
has been highly influential, even being described as a “landmark overview” (Szoke and
Panteghini 2012), but it should be pointed out that it addresses the challenge of determining
whether the cause of an individual’s anaemia is iron deficiency, not whether a given
individual is iron deficient. Furthermore, the timing of this review was such that it did not

examine the diagnostic use of soluble TfR1 (sTfR), which is considered below.

Permission not granted for online reproduction

Please see Finch et al. 1986, figure 6:

Figure 1-14. Relationship between plasma ferritin and bone marrow iron stores

Data are from bone marrow examinations in 87 patients. Bone marrow haemosiderin was
arbitrarily graded as absent, minimal, moderate or increased, for each of three states: normal,
inflammation and liver disease. The relationships are similar, but for any given level of marrow
iron, the ferritin level is higher in the disease states. Thus, in the setting of inflammation of any
cause, determining whether a circulating ferritin within the normal range is indicative of adequate

iron stores becomes less straightforward. Reproduced from (Finch et al. 1986).

38


http://www.ncbi.nlm.nih.gov/pmc/articles/PMC1307110

Chapter 1. Introduction

Only two conditions other than iron deficiency are known to lower serum ferritin;
hypothyroidism and ascorbate deficiency (Finch et al. 1986). Even when present, they do

not appear significantly to confound interpretation of serum ferritin (Knovich et al. 2009).

1.5.2.3. Transferrin saturation

Given that TSat represents the balance between iron extraction from and delivery to the
plasma, it is reasonable to expect that this parameter would have some utility in the
diagnosis of iron status. Specifically, one would expect that in the situation where iron
stores were deplenished, but uptake by developing erythrocytes and other cells that required
iron continued, the TSat would eventually fall. This certainly seems to be the case, with the
figure of a TSat < 16% appearing in the early literature on ferritin as indicative of the level

at which IDE occurs (Jacobs ef al. 1972, Walters et al. 1973).

A study in patients with IDA, prior to the availability of the ferritin immunoassay, found
that a TSat < 16% implied an inadequate supply of iron to the erythroid marrow, associated
in time with a hypochromic, microcytic anaemia (Bainton and Finch 1964). One of the few
studies that subjected a large number of healthy individuals to bone marrow aspiration and
examination was also performed in the pre-ferritin era. This recruited over one hundred
female North American college students and found that a low TSat was a good predictor of
reduced marrow iron stores, particularly if the value was < 16% on two separate occasions,
in which case all individuals studied had absent iron stores (Scott and Pritchard 1967).
Having said this, only a third of the individuals without any bone marrow stainable iron
were detected on the basis of TSat alone; one might speculate that measurement of ferritin

would have identified many of those that measurement of TSat in isolation missed.
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That many contemporary clinical guidelines continue to recommend measurement of TSat
alongside ferritin in the assessment of iron status has been criticised as lacking a firm
evidence base (Szoke and Panteghini 2012). It may be the case that the utility of this
composite measure, which depends on serum iron and transferrin levels, is compromised
by the long-recognised high within-subject variability in serum iron levels over time (Dale
et al. 2002). In support of this assertion, some studies have reported that measurement of
transferrin alone may be almost as good as ferritin in reflecting iron status (Guyatt 1992,
Hawkins 2007). This is perhaps not surprising when one considers that hepatic transferrin

synthesis is directly regulated by intracellular iron levels via the IRP-IRE pathway.

1.5.2.4. Soluble transferrin receptor

The pathway by which cells take up transferrin-bound iron via TfR1 is illustrated in
Figure 1-11. In the course of the recycling of apotransferrin to the cell surface, a proportion
of the TfR1 molecules are lost from the cell membrane. These can be detected in a freely
circulating form, sTfR, levels of which were reported to increase early in the course of
tissue iron deficiency (Skikne et al. 1990), presumably in proportion to the level of tissue
expression. Since the release of sTR is not increased by inflammation, it was hoped that
circulating levels could be exploited to identify iron deficiency in settings where other
markers no longer accurately reflect iron stores (Ferguson et al. 1992). However, the
clinical role of sTfR has not yet been clearly established (Mast et al. 1998, Siebert et al.
2003, Koulaouzidis et al. 2009, Infusino et al. 2012). sTfR is probably best understood as
an index of the balance between iron supply and demand in the marrow (Siebert ez al. 2003).
Importantly, pathologies that suppress marrow activity will lead to a low sT{R, and those
that greatly stimulate that marrow a high sT{R, independent of the sufficiency or otherwise

of the iron supply for erythropoiesis.
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1.5.2.5. Hepcidin

At present, measurement of plasma hepcidin is not in routine clinical use, and a single
diagnostic assay standard has not been established (van der Vorm et al. 2016). Instead,
hepcidin is used as an experimental tool, and in the investigation by specialist centres of
rare heritable anaemias, such as iron-refractory iron-deficiency anaemia (Camaschella
2015). Whether measurement of hepcidin adds significantly to the information provided by

routine determination of serum ferritin will be considered in Chapter 5.

1.5.2.6. Haemoglobin and red cell indices

Given that formation of new red blood cells is dependent on iron supply, it might be
supposed that measurement of [Hb] would provide a convenient way of assessing iron
status. From what has gone before it will be clear that this is unlikely to be the case, for
several reasons. First, a similar fall in [Hb] could result from either a reduction in the supply
of iron to the marrow despite plentiful iron stores or from exhaustion of the stores
themselves. Secondly, [Hb] will fall in an individual with acute blood loss without any
immediate accompanying change in storage iron. Thirdly, [Hb] might not be low in
situations where erythropoiesis is stimulated, for example by hypobaric hypoxia, despite
limited iron stores. Fourthly, a fall in [Hb] could be brought about by deficiency of some
other factor (such as vitamin B12 or folic acid) or indeed marrow failure of any aetiology.

Again, this issue has been recognised for some decades:

“lron deficiency has only a low correlation with haemoglobin
concentration and it is commonly found in subjects with a normal
haemoglobin concentration by conventional standards.”

(Jacobs et al. 1969)
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It is therefore regrettable that examples of confused thinking on this issue are to be found

relatively easily in the contemporary literature, for example:

“As almost two thirds of the iron in the human body is found in
haemoglobin, low haemoglobin means low available iron.”

(Lee etal. 2011)

Though absolute [Hb] may be of little use in determining iron status, various other
parameters exist that may be of assistance. A low mean cell volume (MCV) or mean cell
haemoglobin concentration are both indicators of IDE, but being derived from the entire
circulating red cell mass, they change slowly, and neither is capable of differentiating

between absolute and functional iron deficiency (Thomas et al. 2013).

1.5.3. A clinical perspective on iron deficiency

“Why, then, is the human race beset by such difficulties in maintaining
iron balance? Why are there estimated to be more than 500 million
persons throughout the world with iron deficiency, and perhaps 20
million in this country? Why are we also the only species with
parenchymal iron overload sufficient to produce tissue damage? The
apparent explanation for these difficulties is our uniquely limited iron

absorption and excretion.” (Finch and Huebers 1982)

The World Health Organisation considers iron deficiency to be the underlying aetiology in
the vast majority of the two billion individuals worldwide today suffering from anaemia
(World Health Organisation 2016). A state exists in individuals in negative iron balance
where iron stores are depleted but significant anaemia has not yet developed; Finch would
have called this simply iron deficiency, today the condition is sometimes referred to as non-
anaemic iron deficiency (NAID) or iron deficiency without anaemia (IDWA). It follows

that NAID must be even more common globally than IDA. That is, more than a third of the
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world’s population must be iron deficient. If correct, this is an astonishingly high

prevalence.

The most recent British Society for Gastroenterology guidance on IDA acknowledges that
despite the high prevalence of NAID — perhaps three times that of IDA in westernised
countries — there is no consensus or high grade evidence regarding how the condition should
be investigated (Goddard et al. 2011). Notably, the emphasis in these guidelines is very
much on the appropriateness of excluding a sinister underlying cause for iron deficiency,
rather than addressing the pathophysiological consequences that arise as a result in these

iron-deficient individuals.

1.6. Aim of this thesis

The aim of this thesis is to determine whether the interactions described between iron
homeostasis and oxygen sensing translate into a significant effect of iron deficiency on
human physiology. This will be achieved using two separate interventional physiology
studies in healthy humans. Study 4 examines the effect of iron deficiency on the pulmonary
vascular response to hypoxia. Study B explores the consequences for skeletal muscle
metabolism of iron deficiency. In both cases, IV infusion of iron is used as a device to
provide further evidence with respect to the role of iron bioavailability. Finally, Study C, a
cross-sectional observational study in patients with chronic obstructive pulmonary disease
(COPD), investigates the role of iron deficiency in a chronic inflammatory condition in
which hypoxia, pulmonary vascular disease and skeletal muscle dysfunction are all

features.
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pulmonary vascular responses

2.1. Introduction

This chapter will explore the consequences of iron deficiency for the behaviour of the
pulmonary vasculature during hypoxia. At one level, an argument could be made for
viewing the pulmonary circulation simply as a highly hypoxia-responsive system that
depends to a great extent on the HIF pathway, which is exploited to provide a convenient
biological index of the effects of iron on hypoxia sensing and signalling. However, there
are several objections to this approach, not least that it would ignore much about the
physiology of human gas exchange that is of interest in its own right and, moreover,
important when considering the clinical implications of this work. Also, the HIF pathway
is not the sole possible target for an action of variations in iron bioavailability on pulmonary

physiology. Additionally, there is much of interest in a historical perspective on work
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examining the pulmonary circulation and oxygen sensing; it is, after all, some small

continuation of these efforts that the work reported herein represents.

Accordingly, this chapter begins with an overview of the relevant anatomy and physiology,
with a specific focus on HPV, the role of the HIF pathway in the pulmonary circulation,
and what is known from previous pulmonary studies including those involving iron

chelation and supplementation.

2.1.1. Basic anatomy and evolutionary considerations

The lungs are generally not well conserved in fossilised organisms, which leads to
considerable uncertainty about how exactly the human lung as we know it today arose, and
makes necessary a comparative anatomical approach with other living species (Farmer
1999). The mammalian lung may represent a highly evolved form of the gasbladder of
primitive fish; alternatively, the swimbladder and lungs could represent two divergent paths
for adaptation of a single common primitive organ arising from the gut, depending on the
particular environmental demands (Liem 1988). An aqueous environment prone to drought
has been postulated as the factor exerting the selection pressure to confer a survival

advantage on organisms able to utilise atmospheric oxygen (Barrell 1916).

A putative sequence for the evolution of air-breathing organs in vertebrates envisages
‘breathing’ as preceding the emergence of a lung as it would be recognised today (Perry et
al. 2001). In this model, a central nervous oscillator of some sort initially drives a suitable
motor pattern, with subsequent development of gas-exchange surfaces and an appropriate
blood supply; ultimately a cyclical respiratory mechanism emerges. However the current
arrangement was reached, the requirement for a very large gas exchange surface providing

contact between the air and blood leads to the basic structure of the human lung resembling
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three well-matched interdigitating trees — airways, arteries and veins — with gas-exchange
units surrounding terminal portions of an extensively branched airway tree (Liem 1988)

(Figure 2-1).

Figure 2-1. Post mortem cast of the human tracheobronchial tree

Airways are shown in beige, pulmonary arteries in red, and pulmonary veins in blue.
Physiologically speaking, these last two colours ought to be reversed. On the right, only the
airways are shown. Modified from (Hsia et al. 2016). Copyright® American Physiological Society;

reproduced with permission of John Wiley and Sons Limited (Journals) via PLSClear.
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The challenges posed by this arrangement, in comparison to the situation that is to be found

in the avian lung, have been highlighted by West:

“A major difference is that the ventilation of the gas-exchanging tissue
has a flow-through pattern in the bird but is reciprocating in the
mammal. The result is that mammals have a reduced alveolar and
arterial oxygen tension, a potential for uneven ventilation, and relatively
large terminal air spaces...This in turn means that the pulmonary
capillaries are poorly supported compared with the bird...One of the
most fundamental differences between the structure of bird and
mammalian lung is the separation of the gas-exchange function from
the ventilatory function in the former...The bioengineering requirements
of tissues for these two functions are so dissimilar that it is truly
remarkable that the mammalian lung has combined the two functions.”

(West et al. 2007)

In terms of the pulmonary capillaries, therefore, it is clear that there are two competing
requirements. They need to be very thin so as not to impede gas exchange with their
adjacent alveoli, but their walls must at the same time be strong enough to avoid stress
failure. Thus, an important vertebrate developmental advance was the separation of the
pulmonary circulation from the systemic circulation, such that the two could operate at
different pressures (West 2011b). In this way the pulmonary circulation is, in health,

protected from high capillary wall stress.

2.1.2. Hypoxic pulmonary vasoconstriction: a brief history

It might be anticipated that the lung, as the primary organ of gas exchange, would somehow
be constructed so as to optimise the matching of pulmonary perfusion (Q) with alveolar
ventilation (V). That is, there should be some means of signalling that pulmonary blood

flow might usefully be directed away from poorly ventilated, poorly oxygenated alveoli,
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towards other regions of the lung. Nearly a century ago, J. S. Haldane recognised that the
lungs ought to employ such a mechanism to match delivery of deoxygenated blood to well-

ventilated lung regions:

“It seems probable that by some means at present unknown to us a fair
adjustment is maintained normally between air supply and blood

supply.” (Haldane 1922)

Interest in measuring intravascular pressures in live animals had existed for some time prior
to Haldane’s suggestion, and it seems likely that the first measurements of pulmonary
arterial pressure (PAP) were made in the cat, dog and rabbit in the middle of the previous
century (Beutner 1850). Almost a hundred years afterwards, the specific effects of hypoxia
(and indeed hypercapnia) on the pulmonary circulation in anaesthetised cats were reported

by von Euler and Liljestrand. These investigators concluded that:

“The experiments seem to warrant the conclusion, that the regulation
of the pulmonary blood flow is mainly mediated by a local action of the
blood and alveolar gases leading to an adequate distribution of the
blood through the various parts of the lungs according to the efficiency

of aeration.” (von Euler and Liljestrand 1946)

In fact, the tendency of pulmonary vessels to vasoconstrict in response to hypoxia had
probably been reported much earlier, but by investigators whose primary interest lay in the
innervation of the pulmonary circulation (Bradford and Dean 1894). The behaviour of the
canine pulmonary and systemic circulations during asphyxia, particularly as the point of

cardiac arrest was neared, led to the following insightful observations:
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“...a greater effect is obtained on the pulmonary circulation by asphyxia
than by any other mode of excitation...We think that...the rise of
pressure in the pulmonary artery during asphyxia is of mixed origin. In
the first place there is an active constriction of the pulmonary vessels
producing an early rise of pressure synchronous with the accompanying
systemic rise. The persistent and final pulmonary rise has however a
different origin, being produced mechanically by a transmission (back
through the heart cavities) of the increased systemic tension, owing
probably to dilatation and failure of the left ventricle, so that the blood
is no longer pumped out into the aorta but accumulates in the heart
cavities, and more especially on the right side.”

(Bradford and Dean 1894)

Whilst it is true that asphyxia will raise alveolar carbon dioxide tension, so the stimulus in
these experiments will not have been pure alveolar hypoxia, it is clear that this early
discussion not only correctly recognises the existence of HPV in all but name, but also
raises the important issue of the pressure in the right heart reflecting not only the behaviour

of the pulmonary vasculature but also that of the left heart.

Fifty years after the work of Bradford and Dean, Beyne produced a brief report of
observations in anaesthetised dogs (Beyne 1942), which were broadly similar. Following
this, and what is now generally considered to be the definitive report of HPV by von Euler
and Liljestrand, there was something of a rekindling of interest in the field (Fishman
1976a), and others sought to characterise the hypoxic behaviour of the pulmonary
circulation in humans. First, pulmonary haemodynamics were assessed using right heart
catheterisation (RHC) in five healthy unanaesthetised males breathing 10% oxygen in
nitrogen for around 15-20 minutes (Motley et al. 1947). A rise in PAP was seen to be
induced quickly, with only a small concomitant rise in systemic arterial pressure; PAP

rapidly returned to normal on resumption of air breathing. However, direct measurements
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of pulmonary vascular resistance (PVR) were not made in this study, which others took to
preclude the conclusion that pulmonary vasoconstriction was definitely the cause of the rise
in PAP. Subsequently, this was confirmed to be the case in a similarly invasive study of 32
individuals, this time sedated, a subset of whom had chronic cardiopulmonary diseases of
various sorts (Westcott et al. 1951). This study was additionally notable for the
demonstration that inhalation of pure oxygen in subjects with pulmonary disease and
elevated PAP when breathing air, led to a fall in mean PAP (mPAP). This prompted the

observation that:

“..anoxic elevation of pulmonary arteriolar resistance may be a
contributing and reversible factor in the production and maintenance of
at least some types of chronic pulmonary hypertension.”

(Westcott et al. 1951)

In the time since these seminal studies, a huge amount of research effort has been directed
towards understanding HPV. A review only a few years ago on the topic (Sylvester et al.
2012) cited over two thousand references, and it has been estimated that there are well in
excess of three thousand publications on the subject (Swenson 2013). Despite this body of
work, there is still much that is not well understood. Debate continues not only about the
cellular mechanisms underlying the process, as already discussed, but also about its

significance for human health and disease.

2.1.3. Characteristics of hypoxic pulmonary vasoconstriction
2.1.3.1. Site of HPV

Much effort has been directed at determining the anatomical location of HPV. Early work
suggested that the small muscular pulmonary arteries of diameter < 500 pm were the main

site of resistance in the pulmonary circulation, and HPV (Kato and Staub 1966, Bergofsky
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et al. 1968, Hakim et al. 1982, Marshall and Marshall 1983). Subsequently, cultured
PASMCs were shown to be intrinsically responsive to hypoxia, contracting and relaxing
with variations in oxygen tension (Murray et al. 1990, Madden et al. 1992). The larger
pulmonary arteries also exhibit HPV, but it is thought that this is not manifest in intact
animals owing to the supply of bronchial arterial blood — at systemic arterial PO, — that
reaches these larger vessels via their vasa vasorum. As a result, concomitant systemic
arterial hypoxaemia is required for HPV to be clearly evident in these vessels (Heistad et
al. 1986, Marshall et al. 1991, Marshall et al. 1994c). Though PASMCs are themselves
directly responsive to hypoxia, it appears that the pulmonary vascular endothelium plays
an important role in modulating HPV. Isolated pulmonary artery preparations from several
species show significant impairment of HPV if denuded (Dipp and Evans 2001, Liu ef al.

2001, Robertson et al. 2003).

2.1.3.2. Stimulus for HPV

A further question relates to what it is that is actually sensed to bring about vasoconstriction.
Is alveolar PO, the key stimulus or does the oxygen tension of mixed venous blood
contribute? Careful experiments in animals, varying independently the oxygen tension of
perfusate and alveolar gas, have suggested that the contribution from the mixed venous
blood is ~ 40% and that from the alveolar gas ~ 60% (Marshall and Marshall 1988, Marshall
et al. 1994a). It is important not to overlook this contribution made by the mixed venous
oxygen saturation (Sv02). For example, in physiological studies where alveolar hypoxia is
induced, the systemic arterial hypoxaemia that results may lead to a lower Sy02, which will
influence HPV in its own right. Equally, a state not associated with alveolar hypoxia but
that tends to reduce S,0; as a consequence of increased oxygen extraction by the tissues,

such as exercise, will stimulate HPV.
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2.1.3.3. Quantification of HPV in human physiological studies

Before considering further what is known of HPV in adult humans we must address one
question that arises surrounding the assessment of the process: which variable ought to be
measured when quantifying HPV? Is it more appropriate to measure PAP, or is PVR
preferable? Neither of these variables is a direct measure of pulmonary vascular smooth
muscle tone, which is arguably of most interest physiologically. An added complication is
that the change in cardiac output (CO) that occurs as a result of any arterial hypoxaemia

induced by alveolar hypoxia, may affect both PAP and PVR directly.

These issues have been addressed in a collection of studies using Doppler echocardiography
simultaneously to measure pulmonary artery systolic pressure (PASP) and CO (Balanos et
al. 2002, Balanos et al. 2005, Croft et al. 2013). The argument, in essence, is as follows.
The pulmonary circulation is known to be remarkable in its ability to accommodate a
several-fold increase in CO during exercise without any great change in the arteriovenous
pressure difference across the lung. It must therefore be the case that PVR varies greatly as
a function of CO; this will tend to limit the usefulness of PVR as an index of primary
changes in pulmonary vascular smooth muscle activity in this setting. In contrast, changes
in PASP during hypoxia (APASP) appear to be much less affected by concomitant
variations in CO, with an estimate of < 0.7 mmHg/L/min as the increase in PASP
attributable to the rise in CO that occurs during alveolar hypoxia (Balanos et al. 2005, Croft

et al. 2013). Thus, APASP provides a more convenient and reliable index of HPV.

The gold-standard technique for investigating pulmonary haemodynamics is pulmonary
artery catheterisation (Swan et al. 1970). Though this approach undoubtedly plays a key
role in the clinical assessment of patients with pulmonary hypertension (PH) and right heart

disease, and is appropriately used in such individuals in the setting of clinical trials (Howard
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et al. 2013), the associated complications make it unattractive as a technique for use in

contemporary physiology studies of healthy volunteers.

Much recent work examining the pulmonary circulation during hypoxia has therefore
employed transthoracic echocardiography, which is non-invasive and gives measurements
that correlate very closely with those obtained from RHC (Yock and Popp 1984, Currie et
al. 1985, Skjaerpe and Hatle 1986, Stevenson 1989, Peacock et al. 1990, Allemann ef al.
2000). One widely used technique involves measuring the maximum velocity of a small
regurgitant jet of blood through the tricuspid valve, which occurs during systole in the
majority of individuals. Using Bernoulli’s equation, this velocity (v), measured in metres
per second, can be used in conjunction with the density of blood (p), which is taken as
1.06 x 10% kg/m>, to estimate the pressure difference (APMAX), measured in mmHg,

between the right ventricle and right atrium:

APMAX = pv? / 2

This equation lacks some of the terms to be found in that originally described by Bernoulli.
Flow acceleration is omitted since it is zero at the moment of peak flow, and viscous friction
is ignored since it does not appear to compromise the accuracy of the technique in practice

(Skjaerpe and Hatle 1986). If we take 1 mmHg = 133.3 N/m?, it follows that:

APMAX = (1.06 x 10% kg/m?) - v(m/s)? / (2 x 133.3 kg/m?)

This simplifies to:

APMAX =4 - ?

53



Chapter 2. Hypoxic pulmonary vascular responses

Since right atrial pressure (RAP) is in healthy individuals not significantly altered by
hypoxia (Groves et al. 1987), APMAX itself offers a convenient index of HPV, though an
estimated RAP may be added to give PASP if so desired (Bossone et al. 1999, Lam et al.

2009).

Here a brief note on units of measurement for pressure is appropriate. In 1644, Evangelista
Torricelli (1608-1647), an Italian physicist and mathematician, described the principle of
the barometer in a letter to his friend Michelangelo Ricci, who was a mathematician and
cardinal in Rome (West 2013). Torricelli recognised that atmospheric air had weight, and
that it was most dense near to the Earth’s surface. Historically, standard atmospheric
pressure was taken to be 760 mmHg; the eponymous Torr was defined as a unit of pressure

equal to one mmHg.

In 1954 the definition of the atmosphere was revised in Paris at the Dixieme Conférence
Générale des Poids et Mesures to the currently accepted standard: one atmosphere equals
101.325 kPa (CGPM 1954), and a Torr was then redefined accordingly as 1/760 of an
atmosphere. This momentous decision has had the important consequence that 1 mmHg
today equals 1.00000015001 Torr, so it is quite wrong to use Torr and mmHg
interchangeably, as one could happily have done in the early part of the 20™ Century. This
thesis will generally use mmHg, since although it is not an SI unit, it still dominates the

relevant literature. One kPa is equal to 7.5006157584 mmHg.

2.1.3.4. Time course of human HPV

The effects of changes in alveolar gas tensions on the pulmonary vasculature may be
conveniently studied in awake humans using either an end-tidal forcing system (Robbins

et al. 1982), where the participant breathes through a mouthpiece and concentrations of
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inspired gas can be varied precisely breath-by-breath, or, for longer studies, a normobaric
chamber (Howard et al. 1995). Figure 2-2A shows the time course of the rise in PASP in
response to a sustained period of alveolar hypoxia in a normobaric chamber, characterised
using pulmonary artery catheterisation (Dorrington et al. 1997). It is apparent that the
pulmonary vasculature has been changed in some way as a consequence of this sustained
hypoxic stimulus, since if a further hypoxic challenge is delivered subsequently during the
period for which euoxic PASP remains elevated, the resulting acute response is more

marked. This phenomenon is termed acclimatisation.

Further temporal resolution of the early stages of human HPV has been provided using a
dynamic end-tidal forcing system and transthoracic echocardiography (Talbot ef al. 2005).
With the onset of alveolar hypoxia, a first phase of HPV is rapidly detectable and becomes
maximal within a few minutes (Figure 2-2B); following this initial brisk response, a second
phase can be demonstrated after approximately 40 minutes (Figure 2-2C). If the pulmonary
vasculature is exposed to a brief hypoxic stimulus, less than or equal to the duration of the
first phase of HPV (Figure 2-2B), then on return to euoxia, PASP quickly returns to pre-
exposure levels. If, though, the hypoxic stimulus continues such that the second phase of
HPV is manifest (Figure 2-2A&C), then it takes considerably longer for PASP to fall back
to baseline levels (Dorrington et al. 1997, Balanos ef al. 2002, Talbot et al. 2005, Smith et
al. 2008a). The magnitude of this effect depends on the duration of hypoxia; when this
extends beyond hours into days and weeks, pulmonary vascular remodelling occurs, such
that inhalation of supplemental oxygen has little effect (Groves et al. 1987). The PH
associated with prolonged residence at altitude can take months to years to reverse with
descent to sea level, and augmentation of HPV may never completely resolve in this

situation (Sime et al. 1971).
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Figure 2-2. Time course of hypoxic pulmonary vasoconstriction in conscious humans

(A) Rise in PAP during an 8-hour exposure to alveolar hypoxia measured using pulmonary artery
catheterisation in 6 healthy male volunteers. Open symbols indicate measurements in euoxia,
filled symbols measurements in hypoxia. On return to euoxia at the 8-hour time point, PAP initially
remains elevated; if a further short hypoxic challenge is given, the acute rise in PAP is considerably
brisker than that observed at the beginning of the experiment. (B) Rise in APMAX during, and rapid
return towards pre-hypoxia levels after, a 25-minute exposure to alveolar hypoxia in a group of
12 healthy individuals (6 males, 6 females). (C) Second phase of HPV seen to occur around 40
minutes into a 105-minute period of alveolar hypoxia in a group of 7 healthy individuals (5 males,
2 females). It can be seen that, in contrast to the brief hypoxic exposure in (B), APMAX remains
elevated after cessation of hypoxia. Measurements in (B) and (C) were made using Doppler
echocardiography. Each hypoxic exposure was isocapnic with an end-tidal oxygen tension (Per0,)

=50 Torr. Adapted from (Dorrington et al. 1997) and (Talbot et al. 2005).
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2.1.4. Hypoxic pulmonary vasoconstriction in health and disease

Figure 2-3 illustrates the regional variation in ventilation and perfusion within the human
lung. It can be seen that there is approximately a nine-fold difference in perfusion between
the apex and the base; the corresponding difference in regional ventilation is less marked.
It is thought that much of the regional variation in perfusion is accounted for by structural
aspects of the branching pulmonary vasculature and by gravity (West ef al. 1964, Glenny

et al. 1999, Burrowes and Tawhai 2006, Galvin et al. 2007).

RIB NUMBER

. ¢ .93 .4 9

Figure 2-3. Regional variation in ventilation and perfusion at rest within the erect human lung

The data used to determine these relationships were derived from experiments in 16 healthy
individuals using carbon dioxide radiolabelled with **0, and an assumed CO of 6 L/min. Q and Va
are illustrated by solid black lines, to which the scale on the right refers (L/min % lung volume).
Corresponding Va/Q values are shown by the dashed line, to which the scale on the left refers. The
dotted area represents a coronal plane though the lung to give an indication of the proportion of

lung tissue operating at a given ratio. Reproduced from (West 1962).
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There has been understandable interest in whether HPV plays a role in determining regional
pulmonary blood flow at rest in healthy humans, but the evidence is conflicting. For
example, Arai et al., using pulmonary magnetic resonance imaging (MRI) and inhalation
of a hyperoxic gas mixture, reported that HPV did not seem to contribute to pulmonary
blood flow heterogeneity in euoxia in healthy supine humans (Arai et al. 2009).
Subsequently, this same group apparently reached the opposite conclusion, having
modified their experimental technique to include the use of inhaled nitric oxide (iNO)

(Asadi et al. 2015).

Using the concept of the “efficiency of regulation™ (the percent correction to an initial
perturbation in regional alveolar gas composition generated by the pulmonary vascular
response to this disturbance), Dorrington ef al. found that pulmonary vascular responses to
both CO; and O played a substantial role in Va/Q matching in the healthy human lung
(Dorrington et al. 2010). Furthermore, these investigators were able to demonstrate that
HPV was the dominant mechanism operating at low Va/Q, with responses to CO;

prevailing at high ratios.

Until now very little has been said regarding the effects of CO> on the pulmonary
vasculature. The use of isocapnic conditions in experiments makes it possible to study the
direct effect of hypoxia without a confounding influence of changes in CO: tension, which
inevitably occur as a consequence of hypoxia-driven increases in alveolar ventilation. It is
important to mention, though, that the effects of CO; are, as would be expected, the opposite
of those of O»; hypercapnia promotes pulmonary vasoconstriction, and hypocapnia,
vasodilatation (Dorrington and Talbot 2004). The effects of CO, appear to be additive to,

rather than synergistic with, those of O> (Croft ef al. 2013).
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Of interest from a clinical perspective are situations in which there is significant alveolar
hypoxia, be it regional or global. Global alveolar hypoxia inevitably arises in the healthy
lung on ascent to high altitude as a consequence of the fall in barometric pressure (West et
al. 1983). Since in this situation the alveolar oxygen tension falls considerably throughout
both lungs, it is difficult to see how any HPV occurring in response could ameliorate the

problem:

“Hypoxic pulmonary vasoconstriction appears to be a disadvantage in a
number of situations, particularly ascent to high altitude when the
vasoconstriction causes pulmonary hypertension, which serves no useful

purpose.” (West 2011b)

In the case of regional alveolar hypoxia, perhaps the most striking illustration of the degree
to which HPV operates to match Q with V. comes from cases involving patients suffering
from physical obstruction of either of the main bronchi, such that ventilation of an entire

lung is almost abolished (Figure 2-4).

Morrell et al. investigated the effect of alveolar hypoxia limited to a single lobe in healthy
humans undergoing bronchoscopy with local anaesthesia, and attempted to measure the
time course and magnitude of the resultant blood flow diversion (Morrell et al. 1995).
During lobar hypoxia (mean P02 = 38 mmHg), which was induced using a catheter-tipped
balloon in the left upper lobe bronchus, blood flow to the occluded lobe fell to 53% of
baseline values after 5 minutes. The degree to which such a response tends to correct the
arterial hypoxaemia that would otherwise result from continued perfusion of a significant
portion of unventilated lung, is shown nicely by experiments inducing sudden unilateral

alveolar hypoxia in anaesthetised rabbits (Figure 2-5).
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Figure 2-4. Radiological demonstration of the efficacy of hypoxic pulmonary vasoconstriction

A 50-year-old female patient with dyspnoea was found to have a carcinoid tumour of the left main
bronchus, which was surgically resected. (A) Unremarkable posteroanterior (PA) chest radiograph
at presentation, at which time S,0, was > 95% whilst breathing air. (B) Perfusion scintigraphy at
presentation demonstrating near-absent perfusion of left lung. (C) Ventilation scintigraphy at
presentation demonstrating absent ventilation of left lung. (D) PA chest radiograph showing
essentially normal appearances following tumour resection, save the surgical clips visible at the
left hilum. (E) Corresponding perfusion and (F) ventilation scintigraphy after resection showing
return of ventilation and thus perfusion of the left lung. Adapted from (Jafri et al. 2011) under

Creative Commons license (CC BY-NC-SA 3.0).

One situation in which such marked mismatch of perfusion and ventilation of this sort
occurs acutely in humans is one-lung anaesthesia for thoracic surgery, during which
collapse of one lung may lead to a shunt of ~ 50%. Marshall and colleagues modelled the

effects of HPV with varying degrees of lung atelectasis and found that with a degree of
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shunting commensurate with that seen in one-lung anaesthesia, HPV was capable of

elevating P,0> between 20 and 40 mmHg over the range of inspired oxygen fraction 0.3-

1.0 (Marshall et al. 1994b).
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Figure 2-5. Time course of arterial hypoxaemia and PAP elevation with one-lung ventilation

Data are for six anaesthetised rabbits mechanically ventilated with oxygen, before abolition of
ventilation of one lung by liquid instillation. Left: After six hours the arterial PO, has almost
recovered to initial levels. Right: A progressive increase in PAP is evident — an initial brisk rise
followed by a more gradual climb over several hours — reflecting the two phases of HPV already

discussed. Modified from (Vejlstrup and Dorrington 1993) with permission.

In most clinical settings V/Q inequality is much more heterogeneously distributed than in
the situations considered thus far, and the lungs may themselves be diffusely diseased;
however, HPV is no less important in such situations. In patients with respiratory failure as
a consequence of COPD or acute respiratory distress syndrome (ARDS), for example, it
has been estimated that HPV may act to elevate P,0> by as much as 20 mmHg (Brimioulle

et al. 1996, Naeije and Brimioulle 2001). V/Q matching in COPD is considered at length
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in Chapter 5, but a brief review of experiments in patients with ARDS, using agents that

relax PASMCs, will usefully illustrate some points of physiological importance.

In one such study, IV administration of diltiazem, a non-dihydropyridine calcium channel
blocker, resulted in a significant fall in arterial oxygen saturation in patients with ARDS,
accompanied by a decrease in PVR but no change in CO (Melot et al. 1987). Likewise,
though PH was ameliorated by prostaglandin E1 infusion in a similar group of patients, this
was at the expense of worsening pulmonary gas exchange (Melot ez al. 1989). Comparable
findings were evident with nitroglycerine infusion (Radermacher et al. 1989). Thus,

indiscriminate pulmonary vasodilatation is unhelpful in ARDS.

However, if agents that promote pulmonary vasodilatation are delivered by inhalation
during mechanical ventilation for ARDS, P.0> tends to increase. For example, iNO has
been shown to reduce PAP and improve arterial oxygenation in patients with severe ARDS
(Rossaint et al. 1993, McIntyre et al. 1995). The explanation is presumably that via this
route, the agents are delivered preferentially to well-ventilated lung units — those to which
it is useful to increase perfusion. As an aside, it is disappointing to note that this effect has
not been shown to translate into a mortality benefit in ARDS (Afshari et al. 2010, Adhikari
et al. 2014), implying that in such patients, mortality is not simply a direct consequence of

hypoxaemia.

2.1.5. The HIF pathway and HPV

At the simplest level, HPV involves inhibition of oxygen-sensitive potassium channels,
depolarisation of PASMCs, and calcium influx through voltage-gated calcium channels
causing vasoconstriction (Lumb and Slinger 2015). Though the first phase of HPV,

mediated by these mechanisms, occurs very rapidly indeed, the second phase takes longer
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to become evident, is slowly progressive, and brings with it a transient change in the
behaviour of the pulmonary circulation — acclimatisation. These features suggest that
alterations in gene expression are likely to be important during this component of the
pulmonary vascular response to hypoxia. An obvious candidate for orchestrating at least

some of this effect is HIF (Shimoda and Laurie 2014).

2.1.5.1. Chuvash polycythaemia and other diseases of oxygen sensing

A rare human genetic disorder, Chuvash polycythaemia (CP), provides a striking
demonstration of the importance of the HIF pathway for the integrated physiology of
human hypoxia sensing. As discussed earlier, when either of two proline residues in
HIF-a is hydroxylated this permits binding of pVHL, an essential step in the process leading
to proteasomal degradation of HIF-a (Ivan ef al. 2001, Jaakkola et al. 2001). Patients with
CP are homozygous for a hypomorphic mutation leading to the production of pVHL with
an arginine-to-tryptophan change at amino-acid residue 200 (R200W), which does not bind
hydroxylated HIF-a as strongly (Ang ef al. 2002). Thus, as a consequence of inappropriate
HIF-a stabilisation, these individuals have a HIF system signalling hypoxia under euoxic
conditions. This disorder is distinct from the von Hippel-Lindau familial cancer syndrome,
an autosomal dominant condition characterised by a variety of malignancies, in which

grossly disturbed hypoxia physiology is not reported (Formenti ef al. 2011).

CP is characterised by polycythaemia, PH and elevated ventilation at normal alveolar
oxygen tensions. Exposure of individuals with CP even to mild degrees of alveolar hypoxia
results in a marked increase in PASP and ventilation (Smith ez al. 2006). At oxygen tensions
producing appreciable effects in healthy volunteers, CP patients demonstrate very profound
responses; the rise in PASP may be so great as to bring pressures close to those within the

systemic circulation (Figure 2-6).
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Figure 2-6. Responses to hypoxia in patients with Chuvash polycythaemia

(A & B) Partial pressures of end-tidal gases; (C &D) ventilatory responses; and (E & F) pulmonary
vascular responses, during mild (A, C & E) and moderate (B, D & F) alveolar hypoxia. Control groups
included healthy volunteers (green) and patients with polycythaemia rubra vera (blue).
Mild (Per02 = 70 mmHg) and moderate (Per02 = 50 mmHg) hypoxia both provoked greater increases
in ventilation and APMAX in CP patients than healthy controls. Values are means; error bars

represent SEM. Adapted from (Smith et al. 2006) under Creative Commons license (CC BY 4.0).
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In many respects, patients with CP are similar to healthy individuals who have acclimatised
to hypobaric hypoxia during a sojourn at altitude (Smith ez al. 2008c¢). Perhaps surprisingly,
they appear very dissimilar to individuals born and raised at high altitude, in whom

physiological responses to hypoxia are blunted (Smith ez al. 2008b).

Though it is tempting to view CP as a prototypical disease of oxygen sensing, some care is
required when drawing conclusions about the biology of the HIF pathway from studies in
patients with the disorder. One important issue to bear in mind is that pVHL is not solely
involved in the degradation of HIF-a. For example, it also plays a role in the degradation
of Janus Kinase 2 (JAK?2) (Russell ef al. 2011). Mutations in JAK?2 that stabilise this protein
cause polycythaemia rubra vera (PRV) in humans, so dysregulation of pathways other than
HIF is bound to contribute to the phenotype in CP. Additionally, therapeutic venesection,
to the point of inducing iron deficiency, is frequently employed to lower haematocrit as
part of the management of patients with CP (Smith ef al. 2008c). Iron deficiency itself
appears to contribute to PH in CP (Sable et al. 2011), as well as exerting a significant

influence on expression of HIF-target genes in the condition (Zhang et al. 2014b).

2.1.5.2. Animal models

Animal models provide the opportunity to delineate the roles of the various HIF-pathway
components in vivo, and illustrate very well the central importance of HIF in regulating the
hypoxic behaviour of the pulmonary circulation. Mice heterozygous for deletion of HIF-1a
demonstrate attenuated physiological sequelae of alveolar hypoxia (Yu et al. 1999), with
delayed polycythaemia, PH and right ventricular hypertrophy compared to wild-type
littermates. Animals heterozygous for deletion of HIF-2a are similarly protected, and do
not show the sizeable increases in pulmonary expression of endothelin-1, nor the rise in

plasma catecholamine concentration, which are evident during prolonged hypoxia in wild-
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type littermates (Brusselmans et al. 2003). Additionally, mice heterozygous for a gain-of-
function mutation that activates HIF-2a, develop PH under euoxia in a gene dose-dependent

manner (Tan et al. 2013).

Recently, two elegant studies reported at the same time provided further clarity about the
role of the HIF pathway in HPV. In the first, Dai and colleagues found that mice with
inducible disruption of PHD2 expression in endothelial cells and hematopoietic cells
exhibited spontaneous, extensive pulmonary vascular remodelling and severe PH, with
progressive right ventricular failure (RVF) and death (Dai et al. 2016). Genetic deletion
studies identified HIF-2a as the mediator of these effects. In the second study, Kapitsinou
et al. reported that inactivation of PHD2 in murine endothelial cells alone led to severe PH,
with abnormal muscularisation of peripheral pulmonary arteries and hypertrophy of the
right ventricle (RV), but not polycythaemia (Kapitsinou et al. 2016). Furthermore, by
concurrently inactivating either HIF-la or HIF-2a in these animals, these latter
investigators were able to show that the development of PH was dependent on HIF-2a but
not HIF-1a, and that endothelial HIF-2a was required for the development of increased
PAP in a model of chronic hypoxia-induced PH. The observations reinforce the important

role of the pulmonary endothelium in modulating the hypoxic behaviour of PASMCs.

In terms of the importance of the HIF pathway for ventilation, Bishop et al. have
demonstrated that mice heterozygous for deficiency of PHD2 display enhanced ventilatory
sensitivity to acute hypoxia, similar to that seen in wild-type animals acclimatised to
sustained hypoxia for a week; enlargement of the carotid bodies is also a feature of these
animals (Bishop et al. 2013). The same group subsequently confirmed similar findings
using inducible PHD2 inactivation, and demonstrated with both approaches that specific

inactivation of HIF-2a almost entirely corrected the phenotype (Hodson et al. 2016).
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Inducible inactivation of HIF-2a, but not HIF-la, markedly reduced ventilatory
acclimatisation to hypoxia and associated carotid body cell proliferation in this latter study,
indicating that in carotid body biology, as in the pulmonary vasculature, there seems to be

a key role for the PHD2-HIF-2a axis.

A study of mice engineered to be homozygous for the R200W VHL mutation (as found in
humans with CP) reported that PH developed independently of polycythaemia, and was
associated with pulmonary features similar to those seen in humans exposed chronically to
hypoxia (Hickey et al. 2010). Heterozygosity for HIF-20, but not HIF-1a, suppressed
polycythaemia and PH in this study, and also partially protected against vascular
remodelling, again suggesting a dominant role for HIF-2a. Using the same animal model,
Slingo et al. demonstrated CP mice to have elevated euoxic ventilation and an exaggerated
acute hypoxic ventilatory response (AHVR). Immunohistochemistry of excised carotid
bodies revealed marked type I cell hyperplasia, and electron microscopy showed numerous
mitochondria, enlarged dense-cored vesicles, and markedly expanded rough endoplasmic
reticulum — recapitulating the features seen in animals exposed chronically to hypoxia

(Slingo et al. 2014).

2.1.5.3. Insights from high-altitude populations

The Tibetan Plateau has probably been inhabited for at least 25,000 years (Aldenderfer
2011, Qi et al. 2013), exposing the population resident there to a P10z of around 80 mmHg.
Tibetans are therefore one population living at altitude for a period of time sufficiently long
for selection pressure to have had an appreciable effect on cardiorespiratory physiology

(Petousi and Robbins 2014).
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Very soon after genetic approaches were applied to this population, multiple single
nucleotide polymorphisms (SNPs) related to the gene encoding HIF-2a — known as
EPASI —were identified as having undergone positive selection (Beall ez al. 2010, Yi et al.
2010). In one study, sex-adjusted mean [Hb] at altitude in Tibetan individuals homozygous

for the major alleles was 0.8 g/dl lower than heterozygotes (Beall et al. 2010).

A study of Tibetans living in the United Kingdom (UK)) confirmed significant physiological
effects existed in addition to altered erythropoiesis (Petousi ef al. 2014). When compared
to an ethnically similar control group of Han Chinese individuals, Tibetans exhibited
hyporeactivity of the pulmonary circulation in response to an acute hypoxic challenge, as
well as diminished acclimatisation of the pulmonary vasculature during a sustained
exposure to moderate hypoxia (Figure 2-7). Of note, the Tibetan and Han Chinese groups
were found not to differ with respect to AHVR, and to exhibit similar early ventilatory
acclimatisation to sustained isocapnic hypoxia. Interestingly, though, euoxic PerCO2 was
significantly lower in Tibetans, suggesting a higher ratio of pulmonary ventilation to
metabolism at rest. In addition to EPAS1, SNPs related to the gene EGLNI — which encodes
PHD2 — have also been identified as having undergone positive natural selection in the
Tibetan population (Simonson et al. 2010, Yi et al. 2010) and are similarly associated with

lower [Hb] at altitude.

It would be anticipated that the effect of these genetic differences in Tibetans is the opposite
to that seen in CP patients, such that intracellular HIF-a concentrations are lower, either as
a result of reduced basal transcription of HIF-o mRNA, or more rapid proteasomal
degradation of the HIFa protein at a given oxygen tension. Recent work studying ethnic
Tibetans resident in North America has provided evidence supporting the latter effect.

Missense mutations in exon 1 of EGLNI give rise to a PHD2 variant with a lower Ky, for
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oxygen (Lorenzo et al. 2014). As a result, this mutant HIF-hydroxylase may promote
increased HIF-a hydroxylation and degradation compared with the wild type enzyme,

serving to ‘damp-down’ hypoxia signalling.
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Figure 2-7. HPV in Tibetans and Han Chinese residing close to sea level

Shown are the pulmonary vascular responses to acute isocapnic hypoxia before and after an
8-hour exposure to sustained isocapnic hypoxia (Per02 = 50 mmHg). (A & B) PerC0;; (C & D) Per0y;
and (E & F) PASP, over time. Data are for 10 Tibetan and 10 Han Chinese volunteers, respectively.
Filled symbols are values obtained prior to the sustained hypoxic exposure, open symbols those
afterwards. Values are means; error bars represent SEM. Reproduced from (Petousi et al. 2014)

under Creative Commons license (CC BY 3.0).
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Finally, it is of interest that a HIF-2a variant has recently been identified that predisposes
to hypoxic PH in Angus cattle when herds are farmed at high altitude. There does not appear
to be an associated phenotype in lowland cattle, only in animals exposed to hypobaric

hypoxia (Newman et al. 2015).

2.1.6. Human physiology studies examining iron and HPV

The demonstration in vitro of the sensitivity of the HIF pathway to iron availability
prompted Balanos et al. to administer an infusion of DFO to healthy humans to investigate
whether this could provoke pulmonary vasoconstriction (Balanos ef al. 2002). Not only was
this found to be the case, but the kinetics of the rise in PASP with DFO and with hypoxia
were similar, supporting the view that that both were acting through a common pathway

(Figure 2-8).

In a subsequent, somewhat more complex study (Figure 2-9), the effects on the first phase
of HPV of both acute iron chelation and IV iron supplementation were investigated by the
same group (Smith ez al. 2008a). This study consisted of two separate but related protocols.
In the first, brief hypoxic challenges were employed to measure the responsiveness of the
pulmonary circulation before and after an 8-hour period of exposure to hypoxia, a duration
more than adequate to induce acclimatisation. Subsequently, around a week later, an
identical assessment was performed, but participants were first given 200 mg iron-sucrose
intravenously over 105 min before the initial acute hypoxic challenge. Thus, the effect of

acute iron loading on acclimatisation during hypoxia was tested.
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Figure 2-8. Pulmonary vasoconstriction provoked by hypoxia or by iron chelation

(A) Effect of a 4-hour exposure to isocapnic hypoxia (Per02 = 50 Torr) on APMAX in 11 healthy
volunteers. Filled circles, measurements made under hypoxic conditions; open circles,
measurements made after cessation of hypoxia; open diamonds, control measurements made
during euoxia; *, time points during hypoxia at which a progressive linear model indicated that
steady state had not been reached. Values are means; error bars represent SEM. (B) Effect of an
8-hour DFO infusion (4 g/70 kg body weight) in 9 healthy volunteers. Filled circles, measurements
made during DFO infusion; open circles, measurements made after cessation of infusion; open
diamonds, measurements made with control infusion (0.9% saline) for first eight hours; *, time
points during DFO infusion at which a progressive linear model indicated that steady state had not
been reached. Values are means; error bars represent SEM. (C) APMAX data from the first 4 hours

of (B) plotted against those for (A), with a linear line of best fit. Adapted from (Balanos et al. 2002).
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After the first 8-hour period of eucapnic hypoxia, healthy volunteers demonstrated an
increase in euoxic PASP and an exaggerated response to the acute hypoxic challenge
compared with that seen before the exposure — the hallmarks of pulmonary vascular
acclimatisation. When IV iron was given in advance of the second hypoxic acclimatisation
period, the usual subsequent elevation in euoxic PASP was abolished, and the response to
the acute hypoxic challenge following the sustained hypoxic exposure was only slightly
greater than initially — acclimatisation had been greatly attenuated (Smith ez al. 2008a). Of
itself, though, IV infusion of iron did not affect euoxic PASP or the rise in PASP in response

to the initial acute hypoxic challenge.

In the second protocol, brief hypoxic challenges were again employed to measure the
responsiveness of the pulmonary circulation, but an intervening 8-hour DFO infusion, or
0.9% saline control infusion, was used on this occasion rather than hypoxia. In this way,
the effect on acute HPV of an acute reduction in iron bioavailability was explored. As can
be seen in Figure 2-9B, acute responses to hypoxia were identical following a prolonged
saline infusion, but an 8-hour DFO infusion elevated euoxic PASP and led to an
exaggerated APASP during acute hypoxia. In this way, iron chelation with DFO had a

hypoxia-mimetic action, inducing what might be called pseudo-acclimatisation.

Echocardiographic data recorded during the sustained hypoxic exposure during the first
protocol of this study were subsequently published (Talbot et al. 2014) and are illustrated
in Figure 2-10. Following IV iron, the time course of the progressive rise in PASP during
the long hypoxic exposure is quite different. It is as if IV iron abolishes the second phase
of HPV, along with its consequences for the subsequent behaviour of the pulmonary

vasculature on return to euoxia, whilst having very little, if any, effect on the first phase of
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HPV. In some respects, therefore, IV iron loading causes the hypoxic behaviour of the

pulmonary vasculature to resemble that observed in Tibetans (Figure 2-7).
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Figure 2-9. Manipulation of the first phase of HPV using sustained hypoxia, IV iron and DFO

(A) With prior saline infusion, a normal response to sustained hypoxia is evident, consisting of a
rise in PASP and a sensitised PASP response to subsequent acute hypoxia. Intravenous infusion of
iron prior to the initial acute hypoxic challenge prevented the increase in euoxic PASP and
markedly attenuated the degree to which the pulmonary vasculature was seen to be sensitised on
repeat acute hypoxic exposure. (B) 8-hour infusion of DFO increased PASP and sensitised the
response to acute hypoxia, a similar effect to that seen with prolonged hypoxia and saline infusion
in (A), albeit with a different shape to the acute rise in PASP. RAP was assumed to be 5 mmHg.

Values are means; error bars represent SEM. Adapted from (Smith et al. 2008a) with permission.
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Figure 2-10. Time course of HPV during isocapnic hypoxia with and without prior iron loading

The first phase of HPV is similar with (red) or without (black) prior iron loading, but the progressive
rise in PASP with continued hypoxia is abolished by iron. With prior iron infusion PASP is also seen
to fall back to initial levels more rapidly upon return to euoxia. RAP was assumed to be 5 mmHg.
Values are means; error bars represent SD. Modified from (Talbot et al. 2014) under Creative

Commons license (CC BY 3.0).

The work described so far was conducted under laboratory conditions and utilised isocapnic
normobaric hypoxia. Other experiments have exploited the hypobaric hypoxia of high
altitude to investigate the effects of iron status on HPV. There may be differences in
physiological responses to hypobaric versus normobaric hypoxia (Millet ef al. 2012), and
the conditions are poikilocapnic in this setting. A study in Peru that took healthy individuals
from sea level to 4,340 m and measured PASP over a week found the expected significant
rise in PASP induced by hypobaric hypoxia shortly after ascent. After three days at this

elevation, individuals were randomised in a double-blind fashion to receive either IV iron
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(200 mg iron-sucrose) or saline. Those receiving iron showed a significant fall in PASP
after four hours; overall approximately 40% of the pulmonary hypertensive response to
hypobaric hypoxia was reversed by iron infusion (Smith et al. 2009). This effect was
evident not solely during the phase of grossly elevated serum iron levels (Figure 2-11),
suggesting that an increase in tissue iron availability was important, as would be expected

if iron were acting on oxygen-regulated gene transcription, rather than, say, ion channels.
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Figure 2-11. Effect of acute iron loading on elevated PASP after several days at high altitude

(A) PASP and (B) TSat in two groups of healthy male sea-level inhabitants during a week spent at
an altitude of 4,340 m. Iron-sucrose (200 mg) or placebo was infused on day 3. RAP was assumed
to be 5 mmHg. Values are means; error bars represent SD. Adapted with permission from

(Smith et al. 2009). Copyright® (2009) American Medical Association. All rights reserved.
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2.2. Aims

“..it has been suggested that iron infusions may attenuate hypoxic
vasoconstriction, and trials are underway to evaluate the effect...in
patients with primary pulmonary arterial hypertension. These initiatives
are being performed despite a paucity of mechanistic evidence
concerning the pathobiologic relationship between pulmonary

hypertension and iron deficiency.” (Robinson et al. 2014)

The aim of Study A was to determine whether iron deficiency influences normal human
responses to hypoxia. The specific focus of this component of the study was the pulmonary
circulation. In view of the work already described, the hypothesis was that iron deficiency
would exaggerate HPV, reflected by a greater rise in PASP at the end of a sustained hypoxic
exposure in otherwise healthy iron-deficient adults, versus iron-replete controls.
Additionally, it was hypothesised that iron-deficient individuals would show a more
marked response to IV iron, that is, a greater attenuation, by prior administration of iron, of
the rise in PASP during hypoxia. Other outcomes of interest were ventilatory and CO

responses to hypoxia, and the manner in which these were influenced by IV iron infusion.

2.3. Methods

The contributions of this author and other individuals to the design and execution of
Study A are described in detail in Appendix A. This was a prospective, non-randomised,
controlled, clinical physiology study. Otherwise healthy adults with absolute iron
deficiency were recruited, with iron-replete age- and sex-matched volunteers serving as
controls. Participants were studied on two occasions, a week or more apart, during a
sustained hypoxic exposure. An infusion of IV iron was administered to all participants at

the beginning of the second study day.
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A flow diagram illustrating the study protocol is given in Figure 2-12.
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Figure 2-12. Overview of protocol for Study A

A detailed description of the recruitment methods and experimental techniques employed may

be found in sections 2.3.3 to 2.3.5. Note that the order of infusions was not randomised.

2.3.1. Eligibility criteria
Inclusion criteria were: ability to give informed consent; aged at least 18 years; and
presence of detectable tricuspid regurgitation (TR) on transthoracic Doppler

echocardiography enabling measurement of PASP. For recruitment to the iron-deficient
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(ID) group, both a serum ferritin <15 pg/L and a TSat < 16% were required. For iron-replete
(IR) volunteers, these values were > 20 pg/L and > 20%, respectively. Exclusion criteria
were: haemoglobin < 8 g/dl; haemoglobinopathy; serum ferritin > 300 pg/L; euoxic
Sp02 < 94%; iron supplementation or blood transfusion within six weeks; pregnancy or
breastfeeding; and any significant comorbidity potentially affecting haematinics,
pulmonary vascular responses to hypoxia, or ventilation. Volunteers were also excluded if
recently exposed to altitude > 2,500 m or air travel longer than four hours, since even these
types of exposure to hypobaric hypoxia may induce a degree of pulmonary vascular and

ventilatory acclimatisation (Fatemian ef al. 2001, Smith et al. 2012).

The challenge of defining iron deficiency has already been discussed at length in
Chapter 1. The values adopted to define the ID and IR groups in the present study were not
intended to reflect a universally accepted definition of iron deficiency, since no such
definition exists (Zimmermann and Hurrell 2007). Instead, the primary function of the
laboratory indices employed was to generate two groups differing significantly in iron
status, whilst avoiding recruitment of individuals of what might be considered
‘indeterminate’ iron status. The coincidence of serum ferritin < 15 pg/L and TSat < 16%
was taken to be indicative of significantly diminished iron stores and an imbalance between
iron supply and demand; both parameters were required to be abnormally low for enrolment
to the ID group. Combining indices in this way has been shown to be powerful as it avoids
inadvertently misclassifying individuals as ID on the basis of a single abnormal parameter
(Cook et al. 1976). The IR group definition used an essentially arbitrary cut-off of serum
ferritin > 20 pg/L coupled with TSat > 20%. This later value is that which reliably indicates
sufficiency of iron supply for the demands of the tissue (Bainton and Finch 1964, Cook et

al. 1974), albeit only at the point the blood is sampled.
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2.3.2. Statistical analysis

The pre-specified primary outcome measure was the rise in PASP over the initial six-hour
hypoxic exposure in ID compared with IR participants. The study was designed to have
80% power to detect a difference in the rise in PASP between groups of 4 mmHg with a
two-sided significance level of 0.05; it was estimated that 12-14 pairs of participants would

be required based on these calculations.

Data were analysed and graphs generated using SigmaPlot for Windows (version 13.0,
Systat Software). Repeated measures analysis of variance (RM-ANOVA) and mixed-
effects modelling (MEM) were performed with SPSS (version 20, IBM). Group
characteristics were compared using a two-tailed unpaired Student’s t-test (t-test), or the
Mann Whitney U (MWU) test if data were not normally distributed. RM-ANOVA was
used for comparisons within and between groups when measures were repeated in a given
participant. If the assumptions underlying ANOVA were violated (including those of
normally distributed data, equal variances, and uncorrelated residuals), and this
compromised the security of conclusions based on such analysis, then MEM was used
instead (Gueorguieva and Krystal 2004, Ma et al. 2012, Detry and Ma 2016). In this case,
candidate covariance structures were identified based on exploration of graphical
representations of the data. The most parsimonious converging model and covariance
structure were selected. In all cases, P < 0.05 was taken as an arbitrary level of statistical

significance.

2.3.3. Participant recruitment and matching
During the period of recruitment between February 2013 and April 2014, blood donors in
Oxfordshire, UK were offered information about the study if below the haemoglobin

threshold to donate, since such individuals frequently have iron deficiency as a
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consequence of repeated venesection (Smith er al. 2014). Advertisements were placed
concurrently for controls. Volunteers attended a screening visit conducted by a physician
including medical history, examination, spirometry (MicroLab"", CareFusion, UK),
transthoracic Doppler echocardiography (Vivid-q™, GE Healthcare), venous blood
sampling, and a brief hypoxic exposure in a normobaric chamber, to establish eligibility

and familiarise participants with the study procedures.

During the course of recruitment, in view of the relatively small sample size, ID and IR
participants were nominally matched in pairs according to sex and age. The aim of this
approach was to ensure that by the end of the study two groups broadly similar in all but
iron status had been recruited. Since both age and sex may affect pulmonary vascular
physiology (McQuillan et al. 2001, Balanos et al. 2015, Turner et al. 2015, Berendsen et

al. 2016, Fatemian et al. 2016), imbalance in these variables would have been undesirable.

2.3.4. Exposure to hypoxia

Volunteers found to be eligible following a screening visit were invited to attend two
subsequent full study days. Each study day entailed a six-hour eucapnic hypoxic exposure
(Per02 = 55 mmHg) in a normobaric chamber. This apparatus includes a computerised
system for continuously monitoring end-tidal gases via a nasal cannula; continuous
electrocardiography (ECG) and pulse oximetry are performed, and ventilation monitored

by computerised analysis of gas entrained from the nasal cannula (Howard et al. 1995).

Nitrogen, CO> and oxygen are introduced via a rapid fan-mixing system, and CO; removed
by passing ambient gas through a soda-lime filtration system, permitting inspired gas
concentrations to be controlled tightly. This ongoing process is computer controlled, though

the system is constantly monitored and human interventions made to optimise gas control
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as necessary, and ensure safety of the participant. A schematic representation is given in

Figure 2-13, and a photographic image in Figure 2-14.
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Figure 2-13. Schematic representation of normobaric chamber and associated apparatus

Participants were monitored continuously by 3-lead ECG, earlobe pulse-oximetry, and analysis of
inspired and expired gas sampled by nasal cannula. Automatic adjustments were made according
to a computer algorithm, to maintain the desired PO, and PerCO; levels throughout. This was
achieved by automatic control of three solenoid valves allowing entry of oxygen, carbon dioxide
and nitrogen into the chamber via a recirculation unit. The operator could make manual
adjustments to gas control as necessary. A separate hypoxia alarm (not illustrated here) constantly
entrained gas from the chamber, and an alarm sounded if the F,0; fell below a level predetermined

by the operator. Adapted from the original description by (Howard et al. 1995).
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Figure 2-14. Chamber for end-tidal gas control in Study A

The investigator was able directly to observe the participant throughout, with ECG, S,0, and
ventilatory data displayed continuously. A blind could be drawn over the exterior window and the
lights dimmed to facilitate image acquisition during echocardiography. 1, gas recirculation unit;
2, participant wearing nasal cannula (the ECG leads and oximetry probe are not visible in this
view); 3, solenoid-operated valves; 4, CO, absorber; 5, monitoring stack (pulse oximeter, gas
analyser and ECG monitor); 6, computer monitor displaying physiological data in real time;

7, hypoxia alarm; 8, controller for absorber and solenoid valves; 9, centrifuge; 10, investigator.

Participants were asked to report to the Sherrington Building between 8 and 9 o’clock in
the morning, having enjoyed a light breakfast but avoided caffeine and exercise earlier in
the day. After a period of quiet rest, PerCO> was determined whilst seated during

spontaneous breathing over a period of 5-10 minutes, or longer if judged necessary by the
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investigator. The value thus obtained was used for the maintenance of isocapnia for the
remainder of that day. Initial euoxic measurements were made at Per0> = 100 mmHg; these
same conditions were used after cessation of hypoxia at 6 hours. Participants were provided
with light refreshment ad libitum, and were able to move around, enjoy audio-visual

entertainment and leave the chamber briefly to use the lavatory if required.

2.3.5. Blood sampling and infusions

On each study day a 20-gauge venous cannula (Venflon™, Becton Dickinson) was inserted
aseptically into a forearm vein and 20 ml blood withdrawn slowly into a 20 ml plastic
syringe, with great care taken to avoid haemolysis. The venous blood was immediately
decanted into blood collection tubes (Vacutainer®, Becton Dickinson), including those for
plasma (ethylenediaminetetraacetic acid (EDTA) and lithium heparin) and serum (SST" II
Advance). Routine assays for full blood count (FBC), ferritin, serum iron, transferrin and
TSat were performed by the John Radcliffe Hospital clinical pathology laboratory. Samples
were refrigerated at 4°C prior to transportation to the laboratory; delivery was by hand,
directly to the laboratory processing area, in order to minimise delays in processing,

physical trauma to the samples, and risk of haemolysis.

In addition to the samples sent for analysis in this manner, aliquots of serum and EDTA
plasma were obtained by centrifugation and immediately frozen and stored at -80°C until
the conclusion of the final study visit by the final participant, following which they were
analysed by enzyme-linked immunosorbent assay (ELISA). Serum erythropoietin and
plasma sTfR were analysed by sandwich ELISA (both Quantikine®, R&D Systems,
Abingdon, UK). Plasma hepcidin was analysed using a competitive ELISA (Hepcidin-25
EIA kit, Bachem, Peninsula Laboratories, San Carlos, USA). In all cases samples were

assayed in triplicate, and in accordance with manufacturer’s instructions.
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On the first study day, immediately prior to commencing the hypoxic exposure, 0.9% saline
was administered via the cannula. On the second, ferric carboxymaltose (Ferinject®, Vifor
Pharma, Switzerland) 15 mg/kg (maximum 1 g) was added to an appropriate volume of
0.9% saline and infused. The IV infusions on each day were 250 ml in total volume and
given over 15 minutes. Though it was not possible to randomise the order of infusions,
participants were blindfolded during administration and not told that the infusions would

follow a consistent order.

2.3.6. Doppler echocardiography

Throughout each hypoxic exposure, PASP and CO were measured echocardiographically
(Yock and Popp 1984, Berger et al. 1985, Currie et al. 1985, Chan et al. 1987, Yoshida et
al. 1988, Stevenson 1989, Jobic ef al. 1993, Allemann et al. 2000, McQuillan et al. 2001).
Initial measurements were made under euoxia (Per02 = 100 mmHg), when 30 minutes of
exposure to hypoxia (PerO2 = 55 mmHg) had passed, after an hour of hypoxia, and
thereafter at hourly intervals. At the end of the six-hour hypoxic exposure, participants were
returned to isocapnic euoxia (Pet02 = 100 mmHg) and one final set of measurements made
after 30 minutes. All measurements were made with the same device, which was that used

at the screening visit.

Participants rested comfortably on a customised couch (with a section removed to facilitate
optimal positioning for image acquisition) in the left lateral position, facing the operator
whilst APMAX was determined from an apical four chamber view of the heart using

continuous-wave Doppler (Figure 2-15).
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Figure 2-15. APMAX estimation using Doppler echocardiography

An apical four chamber view of the heart is visible at the top of the image, the position having
been optimised to align the direction of the probe (dotted line) with the trans-tricuspid regurgitant
jet (blue). On the spectral Doppler image below, three envelopes are visible, with the
corresponding ECG trace in turquoise at the bottom. This image was acquired at the 2-hour time
point during the first hypoxic exposure in an iron-replete female participant. The maximum
velocity of the TR jet in this case of 2.4 m/s equates to a APMAX of 23 mmHg, or a PASP of 28 mmHg

with an assumed RAP of 5 mmHg.

Stroke volume (SV) was measured from the velocity-time integral of left ventricular
outflow tract (LVOT) blood flow using pulsed-wave Doppler in an apical five chamber
view, having determined LVOT diameter from a parasternal long axis view at the beginning
of the first study visit. To determine CO, SV (taken from the mean of five separate

envelopes) was multiplied by heart rate as recorded simultaneously by ECG. Pulmonary
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artery systolic pressure was calculated by adding 5 mmHg, as an estimate of RAP, to
APMAX (Smith et al. 2008a, Smith et al. 2009, Talbot et al. 2014), the latter having been
determined from the mean of ten separate envelopes. Analysis of echocardiographic data

in this manner was performed offline following the final visit of the final study participant.

2.3.7. Study approval

The study was conducted in accordance with the Declaration of Helsinki and received
ethical approval from the National Research Ethics Service NHS South Central Portsmouth
Research Ethics Committee (reference: 12/SC/0710). Though not a clinical trial of an
investigative medicinal product (CTIMP), the study was nevertheless registered
prospectively with ClinicalTrials.gov (reference: NCT01847352). The study sponsor was

the University of Oxford. All participants provided written informed consent.

2.4. Results

2.4.1. Baseline characteristics of participants in Study A

Thirteen pairs of ID and IR healthy individuals were identified as illustrated in Figure 2-16.
Characteristics of these participants are given in Table 2-1. There were no significant
differences in body mass index (BMI) or spirometric parameters between groups. Mean
ferritin in the ID group was 6.4 ng/LL and TSat 8.4%, consistent with absolute iron
deficiency. Corresponding values for the IR group were 69.6 ng/L and 29.2%, respectively.
Plasma sTfR was significantly higher in the ID group; the mean exceeded the upper limit
of normal of 28.1 nmol/L in the healthy population for the assay used (Allen ef al. 1998).
None of the IR group had an elevated sTfR. Plasma hepcidin was very heavily suppressed

in the ID group.
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Characteristic ID Group (n=13) IR Group (n=13) P-value
Female sex — no. (%) 9 (69) 9 (69)
Age —years 375+11 36.7+13 0.86
Body mass index — kg/m? 24.2+3.7 23.5+3.2 0.65
Smoking status — current:ex:never 1:3:9 0:4:9 0.567
Euoxic Sp02 — % 97.8+1.0 97.7+1.0 0.70
Systolic blood pressure — mmHg 126 + 16 122+ 16 0.59
Diastolic blood pressure — mmHg 8012 76 £11 0.38
FEV1— % predicted 105+ 11 106 + 15 0.90
Serum ferritin — pg/L 6.4+3.9 66.9 £52.1
Serum TSat - % 8.4+3.6 29.2+57
Serum iron — pmol/L 6.9+3.0 18.7+4.6 <0.001
Serum transferrin — g/L 3.8+£0.6 29+0.5 <0.001
Plasma sTfR — nmol/L 29.3+8.3 19.5+4.2 <0.001
Plasma hepcidin — pg/L 1.8(0.8-5.0) 22.1(18.5-29.1) <0.001
Haemoglobin concentration — g/dl 12.1+£15 14.1+£0.9 <0.001
Haematocrit — % 38.0+3.3 42.6+2.9 <0.001
Mean cell volume —fl 82.0+8.2 90.8+4.7 0.003
Serum vitamin B12 — ng/L 364 + 109 355+ 104 0.82
Serum folate — pg/L 8.2(5.4-10.8) 9.6 (8.0-12.8) 0.12

Table 2-1. Participant characteristics on enrolment to Study A

Body mass index (BMI) is the weight divided by the square of the height. Values are means + SD,
for normally distributed data, and comparisons by two-tailed unpaired Student’s t-test; or
medians (IQR), if not normally distributed, in which case comparisons are by Mann Whitney U test.
t, Chi-squared test; FEV, forced expiratory volume in one second. P-values for comparisons where

statistically significant differences are present appear in bold.
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126 Responded to adverts for
healthy volunteers

25 Deferred blood donors
expressed an interest

70 Did not attend screening visit
56 Were no longer interested
after provision of study
information
9 Enquired after recruitment
completed
5 Met exclusion criteria

56 Attended screening visit

6 Did not attend screening visit
3 Were no longer interested
after provision of study
information
2 Met exclusion criteria
1 Enquired after recruitment
completed

19 Attended screening visit

28 Were ineligible
16 Did not have reliably
measurable tricuspid
regurgitation
11 Did not meet haematological
entry criteria
1 Met medical exclusion criterion

10 Were ineligible
9 Did not have reliably
measurable tricuspid
regurgitation
1 Did not meet haematological
entry criteria

20 Were eligible for IR group |

| 8 Were eligible for ID group | | 9 Were eligible for ID group

4 Were not enrolled
2 Could not be suitably
matched
2 Decided not to
participate further

2 Were not enrolled
2 Were screened after l«—
ID recruitment
complete

16 Were enroll

ed to IR group

1 Could not be analysed
1 Had unmeasurable PASP
during sustained hypoxia

15 Were enrolled to ID group

2 Did not complete first study day
1 Developed mild altitude sickness
1 Experienced vasovagal syncope

15 Completed study with
analysable data

13 Completed study
with analysable data

2 Were not analysed
2 Could not be suitably
matched

13 Were included in analysis

13 Were included in analysis

Figure 2-16. Study recruitment flow diagram for Study A

There were 25 expressions of interest from deferred blood donors and 126 responses to

advertisements. Sixteen participants were enrolled to the IR group and fifteen to the ID group.

interestingly, of the latter, a significant proportion were identified having responded to

advertisements. Two ID females were withdrawn during the first hypoxic exposure; one developed

headache and nausea (effectively altitude sickness); the other experienced vasovagal syncope.

Both recovered promptly without sequelae once returned to air. One participant in the IR group

had echocardiographic data during hypoxia precluding determination of APMAX, despite success

at the screening visit. No ID participants could be recruited as suitable matches for two young men

enrolled to the IR group early in the course of the study; their data were not analysed.
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2.4.2. Haematological parameters over the course of Study A

All of the screening visit laboratory measurements given in Table 2-1, with the exception

of serum B12 and folate, were repeated at the start of each experimental day, and are given

in Table 2-2.
ID Group (n =13) IR Group (n =13) P-value (RM-ANOVA)
Screen Dayl Day2 Screen Day 1 Day 2 Grou Da Inter-
v v v v P v action
Hb — g/dl 12.2 12.1 11.9 14.1 14.4 14.3 <0.001 039 0.23

+1.5 1.3 1.2 +0.9 +1.1 +1.2

310 323 310 235 229 233

£70  +74  +76  +47  +58 459 0003 076030

Platelets — 10°/L

82.0 82.9 83.6 90.8 89.7 90.5
Mev -l +8 +5.2 +6.1 +4.5 +4.5 +5.1 0.002 0.44 0.28

6.4 6.9 6.7 66.9 61.6 62.4

£39 %41 37 £521 552 522 <0001 043 030

Ferritin — pg/L

84 146t 149 292 276t 303t
-0
TSat=% £36 +72 +88  +57  +101 +126 <0001 018  0.15

6.9 11.1t 11.5 18.7 17.0t 19.7t

£30 +46 +60 +46  +62  +74 0001 013 0084

Iron — pmol/L

3.78 3.70 3.67 2.93 2.85 2.82

<0. . .
+0.57 +064 +061 +046 +0.36 +0.31 0.001 0.042 0.99

Transferrin — g/L

293 288 277 195 194 194
sTER —nmol/L £83 +10.6 +90 +42  +43 3¢ 003 028 040

. 2.8 45 32 240 201 189
Hepcidin-pg/L »2 .58 445 114 +171 +154 <0001 056 035

Table 2-2. Haematological and iron parameters over the course of the study

Values are means + SD. On the first study day, one sample in each group was reported to show
evidence of haemolysis, so values for serum iron and TSat for these individuals were excluded
from the analysis. A similar issue affected a single sample in the IR group on the second study day,
which was also excluded. T, n = 12 at this time point, for this variable. P-values for comparisons

where statistically significant differences are present appear in bold.
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At each time point, for every variable listed in Table 2-2, values differed significantly
between the ID and IR groups (post-hoc testing using the Holm-Sidak method for pairwise
multiple comparison procedures; P < 0.01 in all cases). Specifically, in the ID group, [Hb],
MCYV, serum ferritin, TSat, serum iron and plasma hepcidin were lower; platelet count,

serum transferrin and plasma sTfR were higher.

In the case of transferrin, where a statistically significant effect of time was suggested, post-
hoc testing indicated a significant within-group difference only for the ID group, with
respect to the screening visit versus study day 2 (P = 0.043). In the case of TSat in the ID
group, both the day 1 and day 2 values were significantly higher than the screening visit
value (P =0.048 and P = 0.049, respectively) though the values on the two study days were
not significantly different. This observation was largely explained by a significantly higher
serum iron on both study day 1 and study day 2 than at the screening visit (P = 0.041 and

P =0.035, respectively).

2.4.3. PASP during hypoxia

PASP responses were analysed using mixed-effects modelling. Euoxic PASP prior to the
hypoxic exposure did not differ across group or study day (ID vs IR: mean 27.3 vs
26.3 mmHg, on first day; 27.2 vs 26.6 mmHg, on second day; P = 0.59 for group; P =0.79
for study day; P = 0.75 for interaction). At the end of the 6-hour hypoxic exposure on the
first day, the ID group reached a mean PASP of 44.2 mmHg compared with 37.0 mmHg in
the IR group (Figure 2-17). The rise in PASP was therefore 6.2 mmHg greater in the ID

group (95% confidence interval (CI) for difference, 2.7 to 9.7 mmHg, P = 0.001).
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Figure 2-17. PASP responses to hypoxia on the first study day

Intravenous 0.9% saline was infused prior to the first echocardiographic measurements. Values
are means = SEM; the ID group are shown in red; the IR group in blue. The black bar indicates the
period of isocapnic hypoxia. Continuous lines represent responses during hypoxia; broken lines
the change in air-breathing PASP induced by hypoxia (acclimatisation). Asterisks indicate the

significance of comparisons between or within groups: **, P < 0.01; ***, P < 0.001.

On the second day, following IV iron, the rise in PASP diminished in both groups (Figure
2-18). At six hours, the mean in the ID group was 33.1 mmHg and in the IR group
30.5 mmHg, representing absolute reductions in the rise in PASP during hypoxia of 11.1
and 6.8 mmHg, respectively (Figure 2-19). The magnitude of the absolute reduction seen
in the ID group was significantly greater than that in the IR group (-4.3 mmHg, 95% CI for

difference, -8.3 to -0.3 mmHg, P = 0.035).
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Figure 2-18. PASP responses to hypoxia on the second study day

Intravenous iron was infused prior to the first echocardiographic measurements. Values are
means + SEM; the ID group are shown in red; the IR group in blue. The black bar indicates the
period of isocapnic hypoxia. Continuous lines represent responses during hypoxia; broken lines

acclimatisation. The latter was not significant (NS) on this occasion.

2.4.4. Pulmonary vascular acclimatisation

After 30 minutes of euoxia following cessation of hypoxia on the first day, euoxic PASP
remained elevated in both groups compared with values prior to hypoxia (mean increase in
euoxic PASP: ID, 5.4 mmHg; IR, 4.2 mmHg; P < 0.001 for both groups) reflecting
acclimatisation of the pulmonary vasculature (Figure 2-17). On the second day, with
intravenous iron, an increase in euoxic PASP at 30 minutes post-hypoxia was no longer

evident (Figure 2-18). The difference between study days was significant (reduction in
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euoxic PASP at 30 minutes post-hypoxia on the second day, compared with the first:

ID, -4.5 mmHg; IR, -3.6 mmHg; P <0.001 for both groups).

-10 -

PASP difference (mmHg)

-12 -

-14 HYPOXIA

0 1 2 3 4 5 6 7
Time (hours)

Figure 2-19. Difference in PASP response to hypoxia between study days

The PASP difference was calculated by subtracting the rise in PASP that had occurred on day one,
from that occurring on day two, for each participant, at each time point. Thus, values for both
groups are zero at time zero. Values are means + SEM; the ID group are shown in red; the IR group
in blue. The black bar indicates the period of isocapnic hypoxia. Asterisks indicate the significance

of comparisons between groups: *, P < 0.05.

2.4.5. Cardiac output responses to hypoxia
Cardiac output responses were analysed using mixed-effects modelling. Initial euoxic CO
did not differ between groups on either study day, nor on the different days within groups

(ID vs IR: mean 5.6 vs 5.3 L/min, respectively, on first study day; 5.6 vs 5.1 L/min,
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respectively, on second study day; P = 0.45 for group; P = 0.48 for study day; P =0.57 for
interaction). Cardiac output increased during hypoxia in both groups on both days (ID and
IR: first study day 1.1 and 0.8 L/min, respectively; second study day 0.8 and 1.0 L/min,
respectively; P < 0.001 for each group, each day) (Figure 2-20). In contrast to PASP, the
CO response at the end of the six-hour hypoxic exposure did not differ between groups or
study days, and there was no differential effect of IV iron between groups (P = 0.29 for

group; P =0.91 for study day; P = 0.25 for interaction).

7.5 =

7.0 =

6.5 —

<— |nfusion

6.0 —

CO (L/min)

5.5

5.0 —

45 — HYPOXIA

0 1 2 3 4 5 6
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Figure 2-20. Cardiac output responses on both study days

Aside from the within-group rise in CO during hypoxia in each group on each day, no significant
interactions between iron status, time or study day were detected. Circles, first study day; squares,
second study day. Translucent lines indicate the fall in CO after cessation of hypoxia. Values are
means * SEM; the ID group are shown in red; the IR group in blue. The black bar indicates the

period of isocapnic hypoxia.
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2.4.6. Ventilation and peripheral oxyhaemoglobin saturation

Figure 2-21 shows the end-tidal and inspired partial pressures of gases and S,0; in both
groups on each study day. Euoxic PerC02 did not differ between groups on either study day,
nor on the different days within groups (ID vs IR: mean 35.9 vs 35.4 mmHg, respectively,

on the first day; 35.5 vs 34.9 mmHg, respectively, on the second day; P = 0.45 for group;

P =0.052 for study day; P = 0.77 for interaction).

The mean Pg10; during the hypoxic exposures did not vary between groups or study days
(P = 0.96 for group; P = 0.22 for study day; P = 0.74 for interaction) confirming that
uniform hypoxic stimuli were delivered. Similarly, the mean S,0, during the hypoxic
exposures did not vary between groups or study days (P = 0.78 for group; P = 0.33 for

study day; P = 0.83 for interaction).

The P1c02, which is an index of ventilation under the experimental conditions in the present
study when PgrCO> is clamped to ensure isocapnia, did not differ between groups or study
days at 30 minutes (P = 0.94 for group; P = 0.61 for study day; P = 0.50 for interaction) or

at six hours (P = 0.67 for group; P = 0.08 for study day; P = 0.51 for interaction).
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Figure 2-21. S,0, and gas control on each study day

Left: First study day, when saline was infused at the outset (circles). Right: Second study day, when
iron was infused at the outset (squares). Top panel, S,02; middle panel, end-tidal gas partial
pressures; bottom panel, inspired gas partial pressures. Data for the ID group are shown in red
and for the IR group in blue; data are means based on 30-minute averages of continuous

recordings; error bars represent SD.
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2.5. Discussion

2.5.1. Main findings

The main finding of this study is of greatly exaggerated HPV in healthy individuals with
iron deficiency. After only six hours of moderate alveolar hypoxia, the ID group showed a
mean rise in PASP that was in excess of fifty percent greater than IR controls, despite a
similar euoxic PASP to that of the IR group at the outset. Cardiac output rose during
hypoxia to a similar extent in both groups on both study days, by approximately 1 L/min at
six hours. The extent to which changes in CO contribute directly to the change in PASP
that occurs during hypoxia is estimated to be only 0.61-0.66 mmHg for every 1 L/min rise
in CO (Balanos et al. 2005, Croft et al. 2013). Thus the overwhelming majority of the rise
in PASP during hypoxia on both experimental days must be due to HPV, and neither the
greater PASP rise in the ID group on the first experimental day, nor the greater response to
iron infusion in the ID group on the second, can be explained by differences in CO

responses during hypoxia.

2.5.2. Advances over previous work

A major difficulty in securely extrapolating the findings of work using iron chelation
(Balanos et al. 2002, Smith ef al. 2008a) is that acute infusion of DFO is very different
indeed from the insidious development of iron deficiency that is seen in clinical practice.
Desferrioxamine permeates cell membranes slowly, preferentially depletes hepatic and
reticuloendothelial iron, and cannot effectively chelate iron bound to circulating transferrin
(Breuer et al. 2001). Thus the pattern of tissue iron depletion that results from an acute
infusion of DFO is likely to differ considerably from that seen in naturally occurring iron

deficiency. Moreover, DFO has actions aside from iron chelation: it participates in
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oxidation and reduction reactions, and has free-radical scavenging properties (Zhu et al.
1998). As already discussed, ROS are implicated in hypoxia-sensing and signalling
pathways in a number of ways (Weir et al. 2005), so DFO may interfere directly with
human responses to hypoxia independently of any effect on iron bioavailability. Indeed,
fatal pulmonary toxicity has been reported from DFO infusion used to treat ingestion of

high doses of iron, possibly meditated by the production of ROS (Tenenbein et al. 1992).

Similarly, acute delivery of a large dose of iron intravenously cannot be assumed to be
similar to a physiological state of greater iron repletion. A concern with previous studies
(Smith ef al. 2008a, Smith et al. 2009, Talbot et al. 2014) might be that the action is in
some way dependent upon supraphysiological levels of serum iron, bringing about an effect
that does not ordinarily occur when total body iron stores are higher but appropriately
partitioned. The present study overcomes these problems and moves from short-term
experimental manipulation of iron bioavailability to the demonstration that the predicted

effects of absolute iron deficiency on responses to hypoxia are significant for human health.

2.5.3. Limitations

2.5.3.1. Haemoglobin concentration

Haemoglobin concentration in the ID group was somewhat lower than that in the IR group,
though this is not surprising considering the severity of iron deficiency in those recruited
to the present study. Indeed, a mean [Hb] of ~ 9 g/dl has previously been reported in a group
of almost one hundred women and men (in a similar ratio to that of the present study) with
nearly identical serum ferritin and TSat values, who had absent stainable iron on bone
marrow examination (Krause and Stolc 1979). Though not unexpected, it must be
considered whether this difference could have confounded the findings; specifically, could

the greater hypoxic rise in PASP in the ID group have been explained by the lower [Hb]?
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Evidence from a range of settings indicates that, rather than acting to augment HPV, a
reduction in [Hb] has an attenuating effect. First, detailed animal experiments using
perfused rabbit lungs (Deem et al. 1998) and intact dogs (Kerbaul et al. 2004) indicated
that a lower haematocrit directly impaired HPV. Secondly, in high-altitude residents with
PH secondary to chronic hypobaric hypoxia, isovolaemic haemodilution quickly brought
about a fall in PASP and PVR (Winslow et al. 1985, Manier et al. 1988). Thirdly, in patients
with severe chronic hypoxaemic lung disease, gradual reduction of [Hb] by repeated small

volume venesection resulted in a significant fall in mPAP and PVR (Weisse et al. 1975).

Taking these observations together, it is very difficult indeed to see how a lower [Hb] could
account for the much greater hypoxic PASP rise seen in the ID group since, if there is any
influence, it would be anticipated to act in entirely the opposite direction. Indeed, some
investigators argue that when examining the behaviour of the pulmonary circulation during
hypoxia, a correction should be applied for this attenuating effect on HPV of a lower [Hb]
(Naeije and Dedobbeleer 2013). Before moving on from this point, it is important to
acknowledge the suggestion made by Smith ef al., that in conditions characterised by PH
and polycythaemia, where venesection is used therapeutically, the well-recognised
tendency of the benefit provided to diminish with time may well be explained by the

concomitant induction of iron deficiency (Smith et al. 2008a).

Having argued that the causative nature of the relationship between the iron deficiency
itself and exaggerated HPV is further attested by the significantly greater attenuation, by
IV iron, of hypoxic pulmonary hypertension in the ID group, it should equally be
considered whether the lower [Hb] contributed in some way to this finding. For instance, if

the IV iron infused were somehow to be more bioavailable in the ID group, or taken up
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more avidly by the pulmonary endothelium and PASMCs, then this might explain the

greater ‘sensitivity’ to IV iron in the ID group.

Again, it appears to be the case that the direction of action of any such effect may
reasonably be expected to be the opposite to that which would affect the main conclusions
of the study. Radioactive isotope studies indicate that when infused into profoundly iron-
deficient individuals, iron is directed rapidly towards erythropoiesis (Geisser and
Burckhardt 2011); the bone marrow seems to take priority in this setting. Thus the expected
effect is to constrain iron availability for the pulmonary vasculature in the ID group, not

increase it.

It might be argued that this difference in [Hb] could have been avoided altogether if any of
several possible strategies had been employed. For instance, some combination of allogenic
blood transfusion in the ID group and isovolaemic haemodilution in the IR group could
have been used, as in the studies in animals and patients discussed above. This would seem
to be problematic ethically, particularly the transfusion of allogeneic blood with its
attendant risks to individuals with a [Hb] within or close to the normal range. Also,
venesecting the IR group would have been likely to induce by the time of the second study
day a state of functional iron deficiency in many previously IR participants, hardly desirable
given the aim of the study. Perhaps, though, exclusively ID individuals with a [Hb] well
into the normal range could have been recruited? Though at first glance attractive, this
strategy would arguably have been more likely to risk compromising the study than
enhancing it, since it would have selected a biologically atypical group. With this approach,
the ID group with have consisted exclusively of individuals able to preserve their [Hb] in
the face of very marked iron deficiency, perhaps explained by physiological differences in

iron and oxygen homeostasis, or the regulation of erythropoiesis itself.
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2.5.3.2. Echocardiography for assessment of PASP

The utility of PASP as an index of HPV has already been discussed. The technique used to
determine PASP in the present study relied on the presence of a systolic tricuspid
regurgitant jet. With progressive technological advances in echocardiography it has become
apparent that most healthy individuals have physiological TR, which is not considered a
reflection of underlying pathology (Yoshida et al. 1988, Jobic et al. 1993, McQuillan et al.
2001). Invasive measurements of PAP correlate very well in a wide range of clinical
settings with those obtained using echocardiography (Yock and Popp 1984, Berger et al.
1985, Currie et al. 1985, Chan ef al. 1987, Stevenson 1989), and this holds true for healthy

individuals rendered hypoxic (Allemann et al. 2000).

It is of interest, though, whether healthy individuals without readily demonstrable TR are
biologically different in some way, since this might limit the generalisability of the findings
of Study A. The prevalence of detectable TR has risen markedly as echocardiographic
instruments have improved, without any accompanying change in the mean measured
PASP (McQuillan et al. 2001, Okura et al. 2011). This implies that the absence of TR does
not simply reflect lower pressures in the pulmonary circulation. Furthermore, mortality is
no different in individuals with and without TR sufficient to determine PASP
echocardiographically (Lam et al. 2009) so, if there are biological differences, their clinical
significance 1is questionable. Associations between echocardiographic TR and
characteristics of the left heart have been reported, including left atrial size, left ventricular
end-diastolic diameter, and ejection fraction, though the size of the differences is small, and

the direction of reported effects is not consistent (McQuillan ez al. 2001, Okura et al. 2011).

Taking all this together, the possibility cannot completely be discounted that pulmonary

vascular behaviour during hypoxia might differ, in some small way, in the minority of
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healthy individuals who do not have TR sufficient to measure PASP echocardiographically,

though it is difficult to see how this could have any bearing on the findings of Study A.

A final point in relation to echocardiography concerns the small difference in the density
of blood that might be expected between ID and IR participants as a consequence of the
marginally lower [Hb]. The modified Bernoulli equation used to determine APMAX will
have assumed a value of 1.06 kg/L. That of plasma devoid of red cells is ~ 1.025 kg/L.
With ~ 15% lower [Hb] in the ID group, the density would therefore be ~ 1.055 kg/L. Thus,
the effect of the difference in [Hb] will be for Doppler echocardiography consistently to
overestimate PASP in the ID group by around half of one percent, which clearly cannot

compromise the findings of the present work.

2.5.3.3. Interval between study days

The hypoxic exposure on the first day induced a degree of acclimatisation. Experiments
using similar sustained hypoxic exposures indicate that after return to euoxia for 3 hours, it
is possible to demonstrate some residual PASP elevation and augmented HPV in response
to a further acute hypoxic challenge (Dorrington ez al. 1997). If a week of euoxia is allowed
to pass, however, no elevation in euoxic PASP remains, and the magnitude of HPV returns
completely to normal (Smith et al. 2008a, Herigstad and Robbins 2009). Thus, in the
present study, an interval of a week or more was imposed between experimental days to
ensure that the hypoxic exposure on the first day would not affect findings during the
second. Acute IV iron loading does not alter the first phase of HPV (Smith et al. 2008a,
Talbot et al. 2014), so within each group, the near identical euoxic PASPs and very similar
acute PASP responses to hypoxia, on the second experimental day compared with the first,

provide further evidence that the interval was sufficient for any acclimatisation to resolve.
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2.5.3.4. Haematological parameters over the course of the study

The recruitment strategy and definitions of ID and IR adopted performed very well insofar
as two groups were generated that, upon enrolment and throughout the course of the study,
differed very significantly with respect to iron status, despite the absence of marked
anaemia in the ID group. One thing this study cannot do, however, is determine the level
of iron stores at which there ceases to be an effect on HPV. The addition of a group with
higher physiological iron stores — a serum ferritin > 100 pg/L for instance — would be
informative in this regard, though it might be challenging to recruit premenopausal females

with such values.

As discussed, the study was designed in such a way as to ensure that any effects from the
hypoxic exposure on the first study day had resolved by the time each participant’s second
study day was undertaken. The only other significant intervention — iron infusion — was
given following venous blood sampling at the beginning of the second study day.
Accordingly, sizeable changes over the course of the study in the euoxic laboratory
parameters measured were not anticipated. As Table 2-2 makes clear, this was almost
invariably the case. However, it was notable that in the ID group, serum iron — and therefore
TSat — was significantly higher on both study days than it had been at the screening visit.
A similar effect was absent in the IR group. It is possible that, since participants were told
their iron status prior to enrolment to enable them to make an informed decision about
participation, some altered their behaviour in the intervening period prior to the first study
day to increase their dietary iron intake. Against this suggestion is that ferritin, [Hb], sTfR
and hepcidin did not show any significant changes over the course of the study, which

would have been expected if the iron balance of the group had altered to any extent.
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A more likely explanation, in view of the great intra-individual variability in serum iron
levels already discussed (Dale et al. 2002), is that the observed ‘change’ is nothing of the
sort but is instead simply regression to the mean. Though the ID group had a mean TSat of
8.4% when enrolled — a rather extreme value — measuring the TSat a second and third time
at the study visits has yielded less extreme results. That values on both study days were
similar supports this view. Even if this apparent change is real, it does not affect the

conclusions of the study in any way.

One additional finding that is noteworthy is of a persistently higher platelet count in the ID
group, though values remain within what is considered the physiological range of
150-450 x 10%/L. Significant IDA has long been recognised to be associated with
thrombocytosis (Schloesser et al. 1965) and more recently some of the mechanisms by
which iron deficiency influences megakaryopoiesis have been elucidated (Evstatiev et al.
2014). Importantly, though a single report suggests a possible influence of platelets on the
potency of HPV in a rat lung preparation (Hauge and Melmon 1968), a collection of other
studies that have examined this issue, including several using intact animals, together

indicate that there exists no significant effect (Sylvester et al. 2012).

2.5.3.5. Duration of study

It would perhaps have been desirable to examine the behaviour of the pulmonary circulation
in our participants a third or even a fourth time, to investigate the duration of the effects of
iron loading on HPV, and the influence of a gradually climbing [Hb] in the ID group. Some
previous related physiology studies have recruited volunteers willing to return repeatedly
in such a manner. However, in the present work such a strategy might have risked
dissuading ID participants from taking part. It must be remembered that many individuals

who volunteered did so having been informed about Study A when deferred at a blood
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donation session, rather than actively seeking out an opportunity to take part in a clinical

physiology study involving two days confined to a normobaric chamber.

2.5.4. Comparison with previous studies

In the present study, euoxic PASP and the time course and magnitude of PASP responses
to hypoxia in IR individuals, were very similar to those reported previously (Balanos ef al.
2002, Balanos et al. 2005, Petousi et al. 2014, Talbot et al. 2014). However, an unexpected
finding was the time course of the PASP response on the second study day. Following IV
iron, both groups exhibited a peak in PASP after two hours of hypoxia, after which PASP
declined. In a previous study using a similar duration of hypoxia, this secondary decline
was not observed (Talbot ef al. 2014). Instead, PASP was stable from one hour onwards.
In that study, IV iron was administered as 200 mg iron-sucrose over 105 minutes, prior to
hypoxia. This contrasts with the present study, in which up to 1000 mg ferric

carboxymaltose was administered over 15 minutes prior to the exposure.

Iron-sucrose and ferric carboxymaltose differ quite significantly in the way they are
handled after infusion. With iron-sucrose, the iron administered appears to be able rapidly
to bind circulating transferrin (Geisser 2009), and thus can be taken up quickly by any tissue
expressing TfR1. Ferric carboxymaltose, on the other hand, does not tend to liberate iron,
instead requiring endocytosis by macrophages, which process and subsequently export iron
into the circulation via ferroportin (Lyseng-Williamson and Keating 2009, Geisser and
Burckhardt 2011), a process that will tend to delay the delivery of iron to circulating
transferrin. Accordingly, the likely explanation for the difference between our findings and
those of the previous study, is that the iron within ferric carboxymaltose, even at the higher

dose, had less time to downregulate the mechanisms underlying the second phase of HPV,
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before the hypoxia was introduced. Thus, in Study A4, the second phase of HPV is evident

in both groups on the second experimental day, before the effect of IV iron supervenes.

No differences were seen in ventilation between the groups, nor was a discernible acute
effect of IV iron supplementation on ventilation evident. The method used to measure
ventilation was rather indirect and certainly inferior to pneumotachography. Having said
this, these findings are in agreement with those of a previous study in which acute iron
chelation did not affect ventilation (Ren et al. 2000). As discussed, the PHD2-HIF-2a axis
appears to be dominant in both the pulmonary vasculature and carotid body, so the apparent
insensitivity of the latter to chronic differences in iron bioavailability and acute iron loading
is puzzling. This may perhaps be explained by differences between the two related to the
IRP-IRE system, peculiarities of mitochondrial biology in type I cells, or perhaps

differences in iron-transport mechanisms.

2.5.5. Underlying mechanisms

This clinical physiology study was not designed to determine with certainty the precise
mechanisms underlying the observed effects of iron status. Rather it was motivated
ultimately by a knowledge of the molecular biology of iron- and oxygen-sensitive
pathways, and a desire to determine whether in vitro phenomena translated into a
meaningful effect for human physiology. This does not mean, though, that no attempt can

be made to draw mechanistic inferences from some aspects of the present work.

As already discussed, a collection of animal and human studies have confirmed the
centrality of the HIF pathway in coordinating pulmonary vascular responses to hypoxia.
Though the initial, rapid phase of HPV that becomes maximal within minutes is too brisk

to be mediated by a transcription factor pathway such as HIF, the second phase, which is
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associated with acclimatisation, is a very different matter, and HIF plays a crucial role in
the hypoxic responses of the pulmonary vasculature from this point onwards (Shimoda and
Laurie 2014, Veith ef al. 2016). With this in mind, that the effect of IV iron to attenuate
PASP elevation during hypoxia was evident in Study A during the second phase of HPV,
but not the first, is consistent with iron acting on hypoxia-regulated gene expression but not
on those processes underlying acute HPV. A similar conclusion might be drawn from the
behaviour observed in the previous study by Talbot and colleagues illustrated in Figure

2-10 (Talbot et al. 2014).

However, Study A cannot prove that iron deficiency and supplementation are acting through
the HIF-hydroxylases, or for that matter the IRP-IRE system, to influence HIF-regulated
gene transcription. Further evidence would come from direct examination of pulmonary
arterial tissue, which is clearly not possible in healthy humans. It has been suggested that
pulmonary arterial endothelial cells can be found in small numbers in the bloodstream, and
that it might be possible to isolate these from the systemic circulation in humans (Bull et
al. 2003). Determining with certainty their origin would be problematic, and it would also
be difficult to know whether such cells were representative of those in situ within the
pulmonary vasculature. Direct evidence of this sort from examination of animal tissue is,
though, provided by the observation that air-breathing rats fed a very iron-restricted diet
rapidly develop PH and RV hypertrophy, in association with increased lung expression of
HIF-1a, HIF-2a, and genes of relevance to the pathogenesis of PH in humans known to be

under transcriptional regulation by HIF (Cotroneo et al. 2015).

If iron is acting through HIF, then we would expect to find that expression of genes known
to be of importance in regulating HPV, and indeed in the pathogenesis of PH in humans, is

modulated by the HIF pathway. This does indeed appear to be the case. For example, the
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gene encoding endothelin-1, EDN1, is directly transcriptionally regulated by HIF (Hu ef al.
1998, Minchenko and Caro 2000), and endothelin-1 itself appears to play an important role
in regulating the expression of voltage-gated K* channels in response to sustained hypoxia
(Whitman et al. 2008). Transient receptor potential calcium channels, encoded by TRPC/
and TRPC6, are also HIF-regulated (Wang et al. 2006), apparently via BMP4, the promoter

region for which contains HIF binding sites (Wang et al. 2015).

It is worth briefly considering at this point the human disease idiopathic pulmonary arterial
hypertension (IPAH), previously referred to as primary pulmonary hypertension; both
names indicating that it does not arise secondary to any sort of primary disease of the lung
parenchyma or airways. IPAH is a rare but devastating disease that predominantly afflicts
young women. Mutations in BMPR2 underlie a significant proportion of cases of IPAH; a
heritable form of the condition is recognised, and mutations may also contribute to PH
arising in the setting of chronic lung disease (McLaughlin et al. 2009). IPAH will be
considered further in Chapter 5, but it is relevant to the present discussion that, as mentioned
earlier, BMP signalling plays an important role in human iron homeostasis by regulating
hepatic hepcidin expression (Figure 1-12), and iron deficiency with elevated circulating
hepcidin appears to be an significant pathophysiological feature in the condition (Rhodes
et al. 2011, Ruiter ef al. 2011, Soon et al. 2011). Importantly, human and animal studies
also implicate activation of the HIF pathway in the pathogenesis of IPAH (Bonnet et al.
2006, Fijalkowska et al. 2010), though the relationship between disordered iron

homeostasis and HIF activation in the condition is yet to be characterised.

2.5.6. Clinical implications of findings
The significance of the findings in the present study could be viewed from two angles. On

the one hand, they might be taken to reveal ‘unexpected’ physiological consequences of
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iron deficiency in otherwise healthy adults. This raises the possibly that some of the
symptoms reported in clinical studies of individuals with NAID — typically premenopausal
women — could be explained by an effect on oxygen-sensing and signalling pathways. Such

symptoms include depression, fatigue and impaired concentration (Murray-Kolb 2011).

On the other hand, they demonstrate a fundamental aspect of the regulation of physiological
responses to hypoxia in humans, raising the possibility that some of the clinical features in
diseases in which hypoxia plays a role may be influenced by iron status. Of special interest
in this regard, considerable evidence has emerged in recent years of the harm associated
with iron deficiency in cardiopulmonary diseases, and of a benefit from administering IV
iron in these conditions. Iron deficiency — independent of anaemia — appears to be
particularly deleterious in pulmonary vascular disease (Rhodes et al. 2011, Ruiter et al.
2011, Soon et al. 2011, Ruiter et al. 2014, Viethen et al. 2014) and has also been linked to
poorer outcomes in chronic heart failure (CHF) (Anker et al. 2009, Klip et al. 2013,
Ponikowski ef al. 2015) and acute heart failure (Jankowska et al. 2014). Whether iron
deficiency might similarly play a role in COPD is a question that the work described in

Chapter 5 addresses.

In each of these disease states, pathological upregulation by iron deficiency of HPV — and
other HIF-regulated processes — offers a plausible mechanism by which these associations
might be explained. Of note, severity of PH, which drives progressive RV hypertrophy and
failure, predicts mortality in both IPAH (D'Alonzo et al. 1991) and PH secondary to a wide
range of chronic lung diseases (Seeger et al. 2013). With respect to CHF, PH is an
independent predictor of mortality whether function of the left ventricle (LV) is impaired
or preserved (Kjaergaard et al. 2007). In animal models, cardiac-specific PHD inactivation

was found to phenocopy ischaemic cardiomyopathy (Moslehi ez al. 2010), and drastically
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restricting iron supply to murine cardiomyocytes using targeted inactivation of TfR1 led to
death in the second week of life with a similar cardiac phenotype (Xu et al. 2015).
Additionally, a single small human study has suggested an improvement in LV function
after correction of iron deficiency in humans with CHF and chronic renal impairment

(Toblli et al. 2015).

2.6. Conclusions

This component of Study A provides the first evidence of a clinically meaningful effect of
absolute iron deficiency on pulmonary vascular biology. It implies that iron status
modulates the HIF pathway in vivo in a significant way, and it confirms the potential of

manipulation of iron homeostasis as a tool to treat diseases in which hypoxia plays a role.
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Chapter 3. Interactions of iron- and

oxygen-signalling pathways

3.1. Introduction

In addition to the work described in the previous chapter, during the course of Study 4
measurements were made of mediators of importance for iron and oxygen homeostasis:
erythropoietin, hepcidin and IL-6. It is these that are the subject of this chapter. Before
describing the methodologies used it will be useful to revisit some of the studies considered
previously, as well as others that are of relevance, particularly those in which the interaction

of iron- and hypoxia-regulated pathways was a specific focus.
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3.1.1. Erythropoietin

3.1.1.1. Historical aspects
“During the past century, few proteins have matched erythropoietin in
capturing the imagination of physiologists, molecular biologists, and,
more recently, physicians and patients. Its appeal rests on its
commanding role as the premier erythroid cytokine, the elegant

mechanism underlying the regulation of its gene, and its remarkable

impact as a therapeutic agent...” (Bunn 2013)

Denis Jourdanet, who spent many years during the middle of the 19" Century practising
high-altitude medicine in Mexico, was probably the first to recognise the polycythaemia
that occurs at high altitude, manifest as an increase in the viscosity of the blood (Jourdanet
1863). The much better known French physiologist Paul Bert, with whom Jourdanet
worked, then correctly surmised that this was explained by an increase in the concentration

of circulating red cells (Bert 1878).

Credit for the first clear description of the erythropoietic response to hypobaric hypoxia in
humans is, though, generally given to another Frenchman, Francois-Gilbert Viault, who
observed a rise in his own red cell count from ~ 5 to over 7 million/mm? during a two-week
sojourn at an altitude in excess of 4,200 m in a mountainous region of Peru (Viault 1890).
Subsequently, a clear relationship in health between haematocrit and altitude of residence
(Figure 3-1) was demonstrated by Mabel FitzGerald, who made careful measurements in
individuals residing over a range of elevations as part of the Pike’s Peak expedition
(FitzGerald 1913), but who receives almost no recognition for her painstaking work. Later

studies confirmed the relationship she described (Talbott 1936, Hurtado et al. 1945).
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Figure 3-1. Relationship of haematocrit to atmospheric pressure in the Pike’s Peak Expedition

Values are based on 128 separate blood samples taken from individuals who had been resident
for at least a year at high altitude. Mean haematocrit (left hand scale) is expressed as a percentage
of that determined for males at sea level in Oxford. Filled circles represent values for males; open
circles, values for females. The right hand scale relates to the curved line describing the

relationship between altitude and atmospheric pressure. Reproduced from (FitzGerald 1913).

The first proposed mechanism for the hypoxic stimulation of erythropoiesis that resembles
the physiology as we understand it today came with the observation that the red cell count
in healthy rabbits could be increased by infusion of serum taken from anaemic animals
(Carnot and Deflandre 1906). This suggested regulation by a humoral factor in the plasma,

rather than a direct action of hypoxia on the bone marrow. Much later, fundamentally
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similar experiments that incorporated determination of reticulocyte counts confirmed the
induction of new red cell production in animals by injection of anaemic serum (Krumdieck

1943, Bonsdorff and Jalavisto 1948, Oliva et al. 1949, Erslev 1953).

Around the same time, experiments using parabiotic pairs of rats — animals whose
circulations had been connected by means of overlapping flaps of skin — showed that when
only one rat was rendered hypoxic, both animals exhibited a marked increase in new red
cell production (Reissmann 1950, Ruhenstroth-Bauer 1950). Collectively, these
experiments provided strong evidence for the existence of a circulating factor, which came
to be known as erythropoietin. Subsequently, the kidney was demonstrated to be the major,
but not sole, site of production of erythropoietin in adult animals and humans (Jacobson ef
al. 1957, Nathan et al. 1964), and some time later, with considerable technical difficulty,

the protein itself was purified (Miyake ef al. 1977).

3.1.1.2. Role of the HIF pathway in regulating erythropoietin expression

The cells responsible for renal erythropoietin synthesis were identified using transgenic
mice as being fibroblast-like cells located in the interstitium of the cortex and outer medulla
(Maxwell et al. 1993a). By experimentally inducing renal ischaemia in rats it was further
possible to demonstrate within these cells nuclear accumulation of HIF-2a under hypoxic
conditions, whereas HIF-1a was stabilised elsewhere within the organ (Rosenberger et al.
2002), implying a selective role for the former in regulation of renal erythropoietin
production. Subsequently, using conditional postnatal ablation of HIF-2 in mice, it was
confirmed that this paralogue was necessary for normal adult erythropoiesis, since acute
deletion led to anaemia (Gruber et al. 2007). Furthermore, somatic PHD2 inactivation was
shown to promote erythropoietin overexpression, leading to profound polycythaemia

(Minamishima et al. 2008), which again implied that, as in the pulmonary vasculature and
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carotid body, the PHD2-HIF-2a axis was central. However, since HIF-2a had also been
shown to regulate hepatic production of erythropoietin (Rankin et al. 2007), experiments
using specific deletion of HIF-2a in the murine kidney were necessary to demonstrate that

renal erythropoietin was exclusively HIF-2a regulated (Kapitsinou ef al. 2010).

Just as rare genetic diseases affecting the HIF pathway disturb human pulmonary vascular
physiology, so too do they dysregulate erythropoiesis. Percy et al. have described a family
with (inappropriately) normal circulating erythropoietin levels despite polycythaemia, in
whom a mutation in PHD2 was identified (Percy et al. 2006). Experiments in vitro
suggested impaired HIF-a binding by, and greatly diminished HIF-hydroxylase activity of,
the mutant PHD?2, effectively causing near-haploinsufficiency of PHD2. Subsequently, a
mutation in HIF-2a was reported to cause a similar picture (Percy et al. 2008), the
molecular basis being that the altered residue was close to one of the two proline residues

targeted for hydroxylation by the PHDs.

These experiments of nature further confirm the centrality of the PHD2-HIF-2a axis in
regulating erythropoietin synthesis in adult humans. With increased recognition that HIF-
pathway mutations may underlie familial erythrocytosis syndromes (McMullin 2010, Lee
and Percy 2011), further reports have emerged of other mutations with variable phenotypic
characteristics (Percy et al. 2012, Lorenzo et al. 2013, Perrotta et al. 2013, Yang et al.
2013). It has been pointed out that such mutations do not solely affect renal erythropoietin
production, but appear in some cases to alter the sensitivity of erythrocyte precursors
themselves to the hormone (Lanikova et al. 2013), such that there is a dual mechanism of
action operating. We have seen this complication arise via a different mechanism when

considering the origin of excessive erythropoiesis in patients with CP (Russell ef al. 2011).
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3.1.1.3. The kidney as a haemoglobin sensor
Why should the kidney be the site of erythropoietin synthesis? This question was elegantly

posed in 1985 by Erslev and colleagues, who observed that:

“Severe erythrocytosis is associated with increased whole blood
viscosity and impaired blood flow. Since a reduced blood flow will cause
tissue hypoxia and since tissue hypoxia is associated with increased
synthesis of erythropoietin, erythrocytosis per se should cause an
increase in the rate of red cell production. This, however, does not occur
and severe erythrocytosis in patients with polycythaemia vera does not

lead to increased synthesis of erythropoietin.” (Erslev et al. 1985)

Erslev et al. hypothesised that a unique aspect of renal physiology explained the main
location for erythropoietin production being the kidney. Specifically, decreased blood flow
to the organ does not, in fact, cause renal tissue hypoxia. They argued that renal oxygen
tension was largely determined by the oxygen consumption requirement for sodium
reabsorption; since sodium reabsorption could be expected to be proportional to glomerular
filtration, a decreased flow of blood to the kidney should be matched by a decrease in
oxygen consumption. Thus, renal tissue oxygen tension could be expected to be effectively
independent of renal perfusion, and instead mainly determined by blood oxygen content,

Ca02 (Erslev et al. 1985).

Outside a hyperbaric chamber C,02 is, of course, primarily a reflection of [Hb]. So it can
be seen that the kidney uses an oxygen-sensing pathway to sense [Hb]. As an unavoidable
consequence, a fall in blood oxygen content due to hypoxaemia without any change in [Hb]
acts to stimulate erythropoietin production. An interesting upshot of this arrangement is
that the fall in renal erythropoietin output in the setting of chronic renal disease, which

contributes very significantly to the anaemia seen in the condition, might be viewed in part
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as resulting from a state of relative renal hyperoxia. In the situation where the kidney
remains perfused but no longer consumes as much oxygen doing the work of tubular
reabsorption, the stimulus to produce erythropoietin is impaired (Eckardt et al. 1989b,
Priyadarshi et al. 2002). In this setting, stabilising HIF-2a and reintroducing the hypoxic
signal using small molecule inhibitors of the PHDs seems to be effective in correcting this
blunted erythropoietin response to renal anaemia (Bernhardt et al. 2010, Flamme et al.
2014), though systemic changes in iron metabolism also appear to contribute significantly

(Provenzano et al. 2016).

3.1.1.4. Hypoxia-driven erythropoietin synthesis

Textbooks of high-altitude medicine and physiology, as well as reviews on the subject, not
infrequently give the impression that hypoxic stimulation of erythropoiesis has been subject
to selection pressure because it is a mechanism that is of benefit on ascent to high altitude.
This idea is attractive, since expansion of the red cell mass is an effective way to improve
oxygen delivery to tissues in the face of hypobaric hypoxia. However, there are multiple
difficulties with this argument, not least that there has been no sustained selection pressure
of this sort on the majority of the world’s population. Moreover, as already discussed, in
those regions where such a pressure has existed, such as the Tibetan plateau, the effect
seems to be in the opposite direction; a genetic make-up restraining marked erythrocytosis
appears advantageous. Also, if we examine the haematological adaptations that have
occurred in high-altitude vertebrates, an increased haematocrit does not appear to be an
advantageous strategy to overcome the lower P10.. Instead, sequence changes that alter the
affinity of haemoglobin for oxygen have undergone positive selection; these act to optimise

tissue oxygen delivery despite hypobaric hypoxia (Storz and Moriyama 2008).
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Although erythropoietin synthesis in response to the renal tissue hypoxia brought about by
a fall in ambient oxygen tension, rather than a fall [Hb], might teleologically be described
as unintentional, studies at altitude — both simulated and actual — nevertheless offer an
excellent opportunity to investigate the underlying mechanisms regulating erythropoietin
synthesis, erythropoiesis, and iron metabolism. Initial studies clearly demonstrated a very
marked rise in circulating erythropoietin on exposure to hypobaric hypoxia (Siri ef al. 1966,
Faura et al. 1969, Abbrecht and Littell 1972, Milledge and Cotes 1985), as well as the
tendency for levels to fall back to near-normal with time despite absent or only very small
increases in [Hb]. Improved temporal resolution with respect to the early phase of
erythropoietin production during acute exposure to hypoxia was provided by a study using
simulated altitudes of 3,000 m and 4,000 m in a decompression chamber, coupled with a
sensitive radioimmunoassay. With this approach, Eckardt and colleagues were able to
detect a rise in serum erythropoietin after 114 and 84 minutes, respectively (Eckardt et al.

1989a) (Figure 3-2), much earlier than the figure of around 12 hours reported previously.

Subsequently, in a study involving ascent by a small number of individuals to, and
prolonged residence at, extreme altitude (6,542 m), Richalet et al. reported a close
correlation between early changes in C,02 and erythropoietin production (Richalet et al.
1994). This study also examined the influence of iron on erythropoietin and erythropoiesis,
but the authors did not feel able to conclude more than that iron stores seemed to be one of
several factors of importance. Though the liver is also able to synthesise erythropoietin, a
study using glycoform heterogeneity analysis supports the view that the kidney is the
predominant source in adults for the increase in plasma erythropoietin seen during hypoxia

(Lundby et al. 2014).
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Figure 3-2. Time course of serum erythropoietin in response to hypobaric hypoxia

Data are for six healthy young men exposed to simulated altitude in a decompression chamber for
five-and-a-half hours. Each subject was exposed to 3,000 m and 4,000 m, with exposures
separated by an interval of over three weeks. Atmospheric pressure was gradually reduced from
an initial value of 720 Torr (430 m above sea level) to 520 Torr and 460 Torr, respectively, within
30 minutes, with a 15-minute interruption at 600 Torr (2,000 m). Dashed vertical lines indicate
points at which pressure within the chamber was altered. *, P < 0.05 for within-group comparison

with time zero; ir EPO, immunoreactive erythropoietin. Reproduced from (Eckardt et al. 1989a).

3.1.1.5. Iron bioavailability and erythropoietin synthesis

The central part played by erythropoietin in the history of the field of iron and hypoxia

sensing, including early studies with cobalt and iron chelation, was described in Chapter 1.
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Of particular interest is the repeated observation that erythropoietin levels appear to be
higher, at any given [Hb], in patients with IDA than in those with anaemias of other
common aetiologies, including pernicious anaemia (Ward et al. 1971, Sheridan and
Gatenby 1975, de Klerk et al. 1981, Camacho ef al. 1991). This phenomenon generally
seems to be taken to indicate an inappropriately low synthesis of erythropoietin in anaemias
not due to iron deficiency. Indeed, a contemporary study examining anaemia in patients
aged 60 years or older found that erythropoietin levels in chronic kidney disease (CKD),
anaemia of chronic disease (ACD) and anaemia of uncertain aetiology, were lower by 48%,
46% and 27%, respectively, compared with IDA, even after adjusting for [Hb], estimated
glomerular filtration rate (¢GFR), and comorbidities (Gowanlock et al. 2016). This finding
was interpreted as indicative of inappropriately low erythropoietin in anaemia of unknown

aetiology. It might be argued instead that erythropoietin is peculiarly high in IDA.

Though these observations from anaemic patients provide some insight, studies using iron
chelation are more informative. Following the demonstration that DFO could induce EPO
expression in both cell culture and the intact mouse (Wang and Semenza 1993), Kling and
colleagues showed using an anti-TfR antibody that blockade of transferrin-mediated iron
uptake stimulated erythropoietin production in vitro (Kling et al. 1996). The induction of
erythropoietin either by this antibody or by DFO could be suppressed by adding iron to the
culture medium. These investigators also treated healthy volunteers with DFO linked to
hydroxyethyl starch (HES-DFO) and found a significant rise in serum erythropoietin, but
only after several days had elapsed. They also administered the anti-TfR antibody to

patients with advanced malignancy and demonstrated a similar effect.

Ren and colleagues also explored the increased circulating erythropoietin levels brought

about in healthy humans by iron chelation. An increase in serum erythropoietin was seen
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by the end of an 8-hour DFO infusion, much sooner than with HES-DFO, and this persisted
for four hours after cessation of the infusion, and in some cases until the next day (Ren et
al. 2000). Though no significant correlation between the erythropoietin response to DFO
and iron status was evident, these authors did observe the greatest erythropoietin responses

in the two subjects with the lowest levels of serum ferritin.

Plasma erythropoietin concentrations were also determined in the study by Smith et al.
investigating the effects on the rapid phase of HPV of both DFO and IV iron
supplementation. In the DFO protocol, erythropoietin levels were initially similar on the
two experimental days (mean 10.4 mIU/ml with saline vs 8.3 mIU/ml with DFO), and DFO
again induced a significant rise, in percentage terms, in plasma erythropoietin (mean
increase 2% with saline vs 794% with DFO). Levels prior to the infusions in the iron
protocol were also initially similar on the two experimental days (mean 13.2 mIU/ml with
saline vs 13.3 mIU/ml with iron), but rose to similar degrees during the 8-hour hypoxic
exposure, whether saline or iron was administered (mean increase 67% with saline vs 61%
with iron) (Smith et al. 2008a). Thus, acute iron loading with 200 mg iron-sucrose did not
appear significantly to attenuate the plasma erythropoietin response to sustained moderate

alveolar hypoxia.

It would be of interest to know whether iron chelation exaggerates the erythropoietin
response to hypoxia, as a synergistic effect might perhaps be expected via a common action
on HIF-hydroxylase activity. Such an effect was not seen in vitro (Kling et al. 1996), nor
in a human experiment addressing this question that has been reported in abstract form

(Talbot et al. 2007).
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3.1.2. Hepcidin

Early ferrokinetic studies suggested that iron absorption from the gut was regulated not
only by body iron stores but also the prevailing rate of erythropoiesis (Bothwell ez al. 1958).
From these observations came the concept of both a “store regulator” and an “erythroid
regulator” of iron homeostasis (Finch 1994). Though we now understand that hepcidin
integrates both of these signals, many aspects are still poorly understood. One question of
particular interest relates to the nature of the pathway that signals enhanced erythropoietic
activity, and thus iron demand, to suppress hepcidin and promote increased iron availability

for red cell production.

It is clear that suppression of hepcidin in response to anaemia requires erythropoietic
activity, rather than simply being a direct action of erythropoietin, from experiments in
mice using venesection and myelotoxic agents (Pak ef al. 2006), and somewhat more
complex studies in genetically modified animals in which erythropoietin synthesis is
uncoupled from HIF activation (Liu et al. 2012). Based on a study in healthy humans
ascending to high altitude, Piperno et al. argued that iron itself (or the kinetics of iron use
in response to hypoxia) was the signal responsible for hepcidin downregulation (Piperno et
al. 2011). This suggestion was subsequently refuted by a study of similar design but
offering higher temporal resolution, which demonstrated that the suppression by hypobaric
hypoxia of hepcidin was too rapid to be driven by a reduction in iron availability (Talbot et
al. 2012). By iron loading some of the volunteers prior to ascent in the latter study, it was
possible to show that during the period for which TSat remained elevated, but not during
the entire period for which serum ferritin remained elevated, the suppression of hepcidin
by hypoxia could be overcome. Talbot and colleagues noted that this observation was
consistent with the notion of TSat as the major signal linking iron availability to hepcidin

upregulation (Lin ef al. 2007, Schmidt et al. 2008).
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As for the identity of the putative agent suppressing hepcidin, this has been given the name
erythroferrone, and reported to be produced by erythroblasts in response to erythropoietin
during stress erythropoiesis in mice (Kautz et al. 2014). Animals deficient in erythroferrone
were observed to fail to suppress hepcidin rapidly after haemorrhage, exhibiting a delayed
recovery from blood loss, but a recovery none the less. This area is somewhat controversial
at the time of writing, since the gene encoding erythroferrone in the mouse appears to be
homologous to that in humans encoding the adipokine myonectin, reported previously to
have a somewhat different role in skeletal muscle and lipid metabolism (Seldin ef al. 2012).
Furthermore, when myonectin was measured in historical samples from participants in a
high-altitude study, no clear role for circulating myonectin could be determined in linking

erythropoietic drive to hepcidin suppression (Talbot ef al. 2016).

3.2. Aims

This component of Study A aimed to determine the effect of iron status on erythropoietin
and hepcidin responses to sustained moderate hypoxia. It was hypothesised that iron
deficiency would exaggerate the synthesis of erythropoietin, and the suppression of

hepcidin, in response to hypoxia.

3.3. Methods

The bulk of the experimental protocol and details of statistical analyses for Study A have
already been described in section 2.3. At all time points where venous blood was sampled,
aliquots of serum and plasma were immediately frozen and stored at -80°C until the
conclusion of the final study visit of the final participant, following which they were

analysed by ELISA. The blood sample drawn at the end of each study day was taken with
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the participant still in the normobaric chamber whilst the Per0O> remained at 55 mmHg.
Serum erythropoietin, plasma sTfR, and serum IL-6 were analysed by sandwich ELISA (all
Quantikine®, R&D Systems, Abingdon, UK). Plasma hepcidin was analysed using a
competitive ELISA (Hepcidin-25 EIA kit, Bachem, Peninsula Laboratories, San Carlos,

USA).

The main outcome of interest was the change in a given blood parameter over the six-hour
hypoxic exposure on the first study day in ID compared with IR participants. Additionally,
the manner in which behaviour on the second study day, when iron was infused at the
outset, compared with the first, was also assessed. The statistical approach was as described
in section 2.3.2, except that in addition, Spearman’s rank correlation coefficient (p) was
calculated to investigate correlations between non-normally-distributed variables, and
multiple linear regression analysis was used to explore factors that might determine the

change in a variable during hypoxia.

3.4. Results

Table 3-1 gives values and statistical comparisons for erythropoietin, hepcidin and IL-6 in
each group on each study day. In all three cases, there were no significant within-group

differences in mean starting values between the first and second study days.

3.4.1. Erythropoietin

Serum erythropoietin was higher prior to the hypoxic exposure in the ID than the IR group
at the start of both study days but within-group values on the two days were similar (ID vs
IR: mean 25.4 vs 7.5 mIU/ml, on the first day; 20.1 vs 6.8 mIU/ml, on the second day;

P =0.018 for group; P = 0.08 for day; P = 0.16 for interaction). Erythropoietin increased
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significantly during the hypoxic exposure on the first study day irrespective of iron status
(P <0.001 for effect of time); however, the effect was greater in the ID group (absolute
rise, ID vs IR: mean 12.1 vs 6.2 mIU/ml; 95% CI for difference: 0.06 — 11.6 mIU/ml;
P = 0.048). Erythropoietin rises during the hypoxic exposure on the second experimental
day were not significantly different from those observed on the first (P =0.13 for interaction
between time and day; P = 0.47 for interaction between group, time and day). These

findings are illustrated in Figure 3-3.

ID Group (n=13) IR Group (n=13) P-value for fixed effects (MEM)

Interactions

Start End Start End Time Group  Time & Day, time

group & group

S 254 374 7.5 13.7
8 +70 +95 06 1.2
Ery(tr::::?::"st'" <0.001 0018  0.048 0.47
S 201 364 6.8 14.6
8 +44 +99 08 16
S 45 6.0 201 365
8 +16 +28 +48 88
Hepcidi
ngc/'l_)'" 0.015 0.005 0.039  <0.001
T 32 9.5 189 781
8 +12 +46 +43 £105
= 06 2.0 1.1 2.6
& 02 +04 +03 0.7
IL-6
0.001 0.21 0.76 0.58
(ng/L)
S o7 2.1 0.9 2.0
8 01 +04 +02 05

Table 3-1. Behaviour of erythropoietin, hepcidin and IL-6 on both days in Study A

Values are means + SEM. P-values for comparisons where statistically significant differences are

present appear in bold.
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Figure 3-3. Erythropoietin responses during hypoxia

Box plots show the distribution of serum erythropoietin levels in the ID (red) and IR (blue) groups
prior to (start) and at the end of each hypoxic exposure. Boxes show IQR; the median is indicated
by the horizontal line; whiskers are 10" and 90™ centiles; circles are values falling above the 90

or below the 10™ centile. Details of statistical comparisons are given in the main text.

3.4.2. Hepcidin

Plasma hepcidin was lower prior to the hypoxic exposure in the ID than the IR group at the
start of both study days but within-group values on the two days were similar (ID vs IR:
mean 4.5 vs 20.1 pg/L, on the first day; 3.2 vs 18.9 pg/L, on the second day; P =0.005 for
group; P = 0.63 for day; P = 0.97 for interaction). Unexpectedly, hepcidin increased
significantly during the hypoxic exposure on the first study day irrespective of iron status
(P =0.015 for effect of time). However, the effect was greatly attenuated in the ID group
(absolute rise, ID vs IR: mean 1.5 vs 16.4 pg/L; 95% CI for difference: 0.78 — 29.1 pg/L;

P =0.039).

Hepcidin again rose in both groups during the hypoxic exposure on the second experimental

day but the magnitude was significantly increased following IV iron (P < 0.001 for
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interaction between time and day). However, the size of this effect differed between groups
(P <0.001 for interaction between group, time and day); the increase in rise was attenuated
in the ID group (absolute increase in rise compared with first study day, ID vs IR:
mean 4.8 vs 42.8 ng/L; 95% CI for difference: 20.1 — 55.8 pg/L; P <0.001). These findings

are illustrated in Figure 3-4.
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Figure 3-4. Hepcidin responses during hypoxia

Box plots show the distribution of plasma hepcidin levels in the ID (red) and IR (blue) groups, in

the manner described for Figure 3-3. Details of statistical comparisons are given in the main text.

3.4.3. Interleukin-6

Serum IL-6 prior to each hypoxic exposure did not differ by group or study day (ID vs IR:
mean 0.6 vs 1.1 ng/L, on the first day; 0.7 vs 0.9 ng/L, on the second day; P = 0.21 for
group; P = 0.81 for day; P = 0.53 for interaction). IL-6 increased significantly during the
hypoxic exposure on the first study day irrespective of iron status but there was no

difference in the rise between groups (absolute rise, ID vs IR: mean 1.3 vs 1.6 ng/L; 95%
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CI for difference: -1.8 — 1.4 ng/L; P =0.76). IL-6 rises during the hypoxic exposure on the
second study day were not significantly different to those observed on the first (P = 0.60
for interaction between time and day; P = 0.58 for interaction between group, time and

day). These findings are illustrated in Figure 3-5.
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Figure 3-5. IL-6 responses during hypoxia

Box plots show distribution of serum IL-6 levels in the ID (red) and IR (blue) groups in the manner

described for Figure 3-3. Details of statistical comparisons are given in the main text.

3.4.4. Relationships between haematological variables

In the ID group, euoxic serum erythropoietin on the first study day correlated equally
strongly with both serum ferritin and [Hb] (¢ = -0.69, P = 0.009, for both relationships).
Serum ferritin and [Hb] also correlated with one another (¢ = 0.65, P = 0.016). Thus,
multiple collinearity was identified for these variables in the ID group. In contrast, euoxic
serum erythropoietin in the IR group on the first study day did not correlate with either

serum ferritin (¢ = 0.02, P =0.92) or [Hb] (6 =-0.165, P = 0.58). Serum ferritin and [Hb]
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did, though, correlate with one another (¢ = 0.64, P = 0.017), as in the ID group. The
relationship between euoxic serum erythropoietin and [Hb] in each group is illustrated in

Figure 3-6.

log,, Erythropoietin (mIU/ml)

0.8 4

0.6 ~

Haemoglobin (g/dl)

Figure 3-6. Relationship between euoxic serum erythropoietin and haemoglobin concentration

Data are from venous blood samples drawn at the start of the first study day. Red circles represent
ID participants; blue circles, IR participants. A linear line of best fit is shown for each group over
their respective ranges. There were insufficient data to determine with appropriate power

whether iron status moderated the relationship between serum erythropoietin and [Hb].

Multiple linear regression analysis indicated that in both groups, erythropoietin levels at
the end of the hypoxic exposure on the first study day could be predicted by erythropoietin
levels at the start (adjusted R? = 0.98, P < 0.001, for the ID group; adjusted R? = 0.53,
P = 0.003, for IR group). In both cases, inclusion of neither serum ferritin nor [Hb]

improved the model. The same was true of the erythropoietin responses on the second study
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day. In the case of hepcidin, similar analyses indicated that in both groups, levels at the end
of the hypoxic exposure on the first study day could be predicted by hepcidin levels at the
start (adjusted R? = 0.89, P < 0.001, for ID group; adjusted R? = 0.38, P = 0.014, for IR
group). In both cases, inclusion of neither serum ferritin nor IL-6 values improved the
model. The same was true of the hepcidin responses on the second study day. With respect
to IL-6 levels at the end of each hypoxic exposure, no variables were identified with

significant predictive power in either group, on either day.

3.5. Discussion

3.5.1. Erythropoietin

As expected, serum erythropoietin levels rose during hypoxia in both groups on the first
study day. In accordance with the study hypothesis, the rise was greater in the ID group.
However, euoxic levels were also greater in the ID group, and because ID participants had
a lower [Hb] the question arises as to whether this accounts for these findings, either alone
or in combination with the iron deficiency. Unfortunately, the multiple collinearity of
ferritin, [Hb] and euoxic erythropoietin evident in the present study makes it difficult to
draw firm conclusions. That is, the more severely iron deficient participants were, the lower

their [Hb] tended to be, which is not surprising.

The analysis represented in Figure 3-6 suggests, but cannot prove, that iron deficiency alters
the relationship in euoxia between [Hb] and erythropoietin, which would provide support
for a direct action of iron on erythropoietin expression in vivo. However, it is conceded that
this arguably adds little to the studies in frankly anaemic patients already described. Since

the only variable found to have predictive value for the rise in erythropoietin during hypoxia
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was the euoxic erythropoietin level, it is also difficult to draw any inferences about the

effect of iron deficiency in this regard.

Though it would be possible to estimate for each participant the change in renal oxygen
delivery as a consequence of the fall in C.0; during hypoxia, which is the ultimate stimulus
for renal erythropoietin synthesis (Wenger and Hoogewijs 2010), in the absence of data
regarding the half-life of circulating erythropoietin and the kinetics of synthesis for a given
change in C.O2, both of which are likely to vary considerably between individuals, this

would be unlikely to provide much further insight.

Acute 1V iron loading had no detectable effect on the erythropoietin responses during
hypoxia in either group, mirroring the findings of the one previous study to examine this
issue (Smith ef al. 2008a). This was despite the present study using a dose up to five times
higher. It may be that there simply was not sufficient time for the ferric carboxymaltose,
even at this higher dose, significantly to increase the intracellular iron concentration within
renal interstitial fibroblasts, especially given the delay in onset of action seen in the
pulmonary vasculature, the reasons for which have been considered in Chapter 2. With this
in mind, it is of note that in the study by Smith and colleagues at high altitude in Peru, the
group of participants given IV iron after three days at altitude did show a trend towards a
more rapid fall in circulating erythropoietin levels (Smith ez al. 2009), suggesting a direct

effect of iron to supress erythropoietin synthesis.

Alternatively, renal interstitial fibroblasts may be peculiar with respect to the manner in
which they acquire iron, being somehow resistant in the face of acute elevations in
circulating levels compared with the pulmonary endothelium and smooth muscle cells.

Renal iron biology is increasingly the focus for research efforts, though studies tend to
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centre on tubular iron handling and the role of the kidney in whole-body iron homeostasis
(Smith and Thevenod 2009). Data relating to the regulation of intracellular iron levels
within renal interstitial fibroblasts appear to be absent. Notwithstanding this gap in our
knowledge, many authorities appear to imply that the IRP-IRE system is certain to be a
physiologically important regulator of HIF-2a translation, and thus erythropoietin
expression, in humans, with intracellular iron deficiency taken to be a factor restraining
erythropoietin production and contributing to the reduction in [Hb] seen in IDA (Sanchez
et al. 2007, Wilkinson and Pantopoulos 2014, Zhang et al. 2014a). Whilst this seems very
reasonable in view of the abnormalities demonstrated in mice deficient in IRP1 (Anderson
et al. 2013), in whom polycythaemia is paradoxically stimulated by iron deficiency (Ghosh
et al. 2013), direct evidence regarding the relationship between whole body iron status and
intracellular concentrations of iron in the cells responsible for erythropoietin production

would be extremely helpful.

As one final observation, a direct action of iron status on erythropoietin secretion of the
sort postulated above, would provide an explanation for a puzzling observation from

historical studies in animals:

“The response of polycythaemic laboratory animals to hypoxia is more
difficult to fit within the concept of an oxygen sensor responsive both to
anaemic and hypoxic hypoxia. If the polycythaemia was induced by
hypertransfusion, erythropoietin production in response to hypoxia was,
as predicted, less than that observed in normal animals. If, however the
polycythaemia was induced by previous exposure to hypoxia, the
animals responded to hypoxia as though they were not polycythaemic.
An explanation for this challenging observation may provide a clue as to

the operation of the oxygen sensor.” (Erslev and Caro 1987)
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A rise in [Hb] brought about by exposure to hypoxia will inevitably deplete tissue iron
stores to meet the needs of erythropoiesis, whereas the polycythaemia induced by

transfusion will not have this effect, indeed it will significantly increase total body iron.

3.5.2. Hepcidin and IL-6

As already discussed, hepcidin expression is suppressed indirectly by hypoxia via
stimulation of erythropoiesis (Volke et al. 2009, Liu et al. 2012, Gammella ef al. 2015), an
effect putatively mediated by the hormone erythroferrone (Kautz et al. 2014).
Unexpectedly, we found that plasma hepcidin rose in both groups on both study days during
the six-hour hypoxic exposure. Reliable data regarding the half-life of circulating hepcidin
in humans are lacking (Ruchala and Nemeth 2014), but studies in Cynomolgus Monkeys
yielded a value of under two and a half minutes (Xiao et al. 2010). Thus, even a very small
early effect of hypoxia on hepcidin expression would be expected to be detectable as a fall

in levels within the period of hypoxia in the present study.

One of the challenges in interpreting data from the current experiments is the absence of a
control group in whom no hypoxic exposure was given. The primary outcome of interest
in Study A was the behaviour of the pulmonary vasculature during hypoxia. It is firmly
established that resting euoxic PASP does not vary over time (Balanos ef al. 2002, Balanos
et al. 2003, Balanos et al. 2005, Talbot et al. 2005, Smith et al. 2008a, Herigstad and
Robbins 2009, Dorrington et al. 2010, Balanos ef al. 2015), so a euoxic control group was
not justified. However, when examining these secondary outcomes, because care was taken
to begin experiments at a similar time in the morning for all participants, the possibility that
changes in the measured variables during the period of hypoxia may to a degree reflect
diurnal variation must be considered. Additionally, measurement of hepcidin has not yet

entered routine clinical practice and remains an experimental tool, with a variety of
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techniques used by different groups. The various commercially available ELISAs also vary

considerably in their performance.

With these caveats in mind, diurnal variation in hepcidin levels was initially reported based
on measurements made using time-of-flight mass spectrometry (Kroot et al. 2009). More
recently, Schaap and colleagues found hepcidin rose by a factor of ~ 1.8 in iron-replete men
and women between a fasted blood sample taken at 0800 h and an unfasted sample at
1600 h (Schaap et al. 2013). In that study individuals had been fed an iron-deficient diet
the preceding day, and most of the rise in hepcidin was seen early in the day on which
samples were taken. It is possible, therefore, that all of the increase in plasma hepcidin in

Study A on the first day was due to diurnal variation.

However, our participants ate normally the day before experiments, were not fasted for the
first blood sample, and had the initial blood test somewhat later than 0800 h. All of these
factors will tend to diminish the effect reported by Schaap and colleagues. Even if we were
to assume this degree of diurnal variation to be present in our subjects, and to account for
all of the rise on the first day, then we would still be permitted to conclude that no or very
little suppression of hepcidin expression by hypoxia is operational during this acute period.
This is an interesting observation in itself given how quickly the stimulation by

erythropoietin of the bone marrow can be expected to have occurred.

Given that IL-6 directly regulates hepcidin transcription via the STAT3 pathway
(Wrighting and Andrews 2006, Verga Falzacappa et al. 2007), and IL-6 rose during
hypoxia, to a similar extent in both groups on both days, another possibility is that acute
hypoxia generated an inflammatory signal that drove hepcidin expression over hours,

before the suppressive effect of erythropoietic drive could supervene. Nemeth and
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colleagues infused recombinant IL-6 into heathy humans and found a marked increase in
urinary hepcidin excretion within five hours (Nemeth et al. 2004a), suggesting a time
course compatible with this possibility. However, the circulating IL-6 levels achieved were
several orders of magnitude higher than those in the current study. Furthermore, in the
present experiments no relationship between the IL-6 rise during hypoxia and that

simultaneously observed in hepcidin was evident.

Just as with hepcidin, it is possible that the rise in IL-6 during hypoxia is simply a reflection
of diurnal variation. IL-6 has been found to rise in the afternoon in some settings (Bonda et
al. 2010) but in others a fall has been observed (Miles ef al. 2008). It has also been argued
that some of the reported patterns are artefactual, and arise due to technical issues such as

the use of an indwelling cannula to take samples (Haack et al. 2002).

In favour of a true effect of the hypoxic exposure on IL-6, several previous studies have
suggested an increase in response to acute hypoxia of a similar order of magnitude to that
observed in Study A. Goetze et al. reported very similar euoxic values before, and hypoxic
values the day after, rapid ascent to the Capanna Regina Margherita at 4559 m (Goetze et
al. 2013), though some participants in that study had received dexamethasone. Comparable
IL-6 starting values and elevations after 72 hours at the same altitude were also reported by
another group (Ravasi ef al. 2014). Piperno and colleagues, however, reported values ten-
fold higher under euoxia during an expedition to Nepal, and a doubling after several days
at high altitude (Piperno et al. 2011). This latter study used the same brand of ELISA kit to
measure IL-6 as the work presented in this thesis, as apparently did those performed in
Italy. These high-altitude hypoxia studies also measured hepcidin, which had very clearly

fallen after a day or more at high altitude, though not with sufficient temporal resolution to
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exclude an initial rise. None of these studies found a significant correlation between the

IL-6 response to hypoxia and that seen in hepcidin.

One study that did examine the early change in hepcidin levels with hypoxia suggested a
significant fall at 6 hours, with levels approximately halving (Sonnweber et al. 2014).
Though the duration of hypoxia was the same as that used in the present work, several
aspects of that study were quite different. First, poikilocapnic normobaric hypoxia
(F102 = 0.11, Pgr02 and PgrCO2 not clamped) was used throughout. Secondly, volunteers
did not rest throughout the hypoxic exposure but were required instead to exercise for two
30-minute periods after 2 and 5 hours of hypoxia, thus the blood drawn after six hours was
effectively a 30-minute post-hypoxic-exercise sample. Thirdly, volunteers had
considerably higher starting values for ferritin and hepcidin than in the present study,
despite similar demographics. Fourthly, is not clear at what time of day these experiments
were performed, and whether this was the same for all participants. The authors highlighted
associations between baseline iron indices and the absolute change in hepcidin with
hypoxia, but it was in fact euoxic IL-6 that was the strongest predictor of the fall in hepcidin
with hypoxia. Interestingly, Sonnweber et al. also reported a five-fold rise in IL-6 after six
hours of hypoxia, much higher than any of the studies already discussed. Exercise, whether
in euoxia or hypoxia, has been reported to induce a significant rise in IL-6, though this was
associated with a rise, not a fall, in hepcidin (Govus et al. 2014). Thus, the explanation for
the discordant IL-6 and hepcidin changes in the study by Sonnweber et al is not

immediately clear.

Finally, it is possible that an early transient rise in hepcidin during hypoxia was present in
the Peru expedition already discussed (Talbot et al. 2012). After an 8-hour journey by road

to 4,340 m, hepcidin (and indeed ferritin) showed a trend towards an increase before
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subsequently falling. Again, though, this might simply reflect the tendency of hepcidin to
increase over the course of a day. If the rise in hepcidin on the first study day is causally
related to hypoxia, rather than something peculiar to the experimental conditions in the
present work or simply diurnal variation, then there might be implications for diseases
characterised by recurrent short periods of hypoxia, as opposed to chronic hypoxia. One
might speculate that in these conditions intermittent hypoxia could contribute to
inflammation and elevated hepcidin. Of note, the latter has recently been suggested by two
small studies in patients with obstructive sleep apnoea (OSA) (Abakay et al. 2015, Liu et

al. 2015).

Considering now the observed changes in hepcidin on the second study day, the greater
increase in both groups is entirely anticipated. Changes in serum iron, signalled via a
mechanism involving TfR2 on the surface of hepatocytes (Zhao et al. 2013), very rapidly
bring about a change in hepcidin concentration. Even a single 240 mg dose of iron
administered orally, of which only a fraction is absorbed, produces a five- to ten-fold rise
in circulating hepcidin after 9 hours (Moretti et al. 2015). In terms of an interaction with
hypoxia, when iron was given prior to ascent to high altitude (Talbot et al. 2012), hepcidin
rose four-fold within 10 hours of infusion despite ascent to 4,340 m, and the suppression,

by hypoxia, of circulating hepcidin levels was not seen until several days later.

The behaviour of IL-6 was no different on the second study day. If IL-6 did contribute to
the hepcidin rise on the first study day, then the implication is that the difference in hepcidin
behaviour on the second was accounted for by the action of IV iron. It is also of interest
that acute infusion of 15 mg/kg iron did not generate acute inflammation in our healthy
volunteers, at least as measured by IL-6. Concern has previously been expressed that large

doses of IV iron could be harmful in this respect, by promoting free-radical generation. In
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patients with chronic renal failure given a single IV dose of 100 mg iron-sucrose, for
example, evidence of a rapid increase in oxidative stress and transient proteinuria were seen
in one study (Agarwal et al. 2004). Conversely, a study giving repeated IV doses of
200 mg iron-sucrose weekly for five weeks to patients with CHF, renal impairment and
IDA, found that iron loading in fact resulted in a fall in inflammatory markers and improved
renal function (Toblli et al. 2015). The effect of IV iron in this regard is likely to vary
according to the clinical setting. Ferric carboxymaltose may additionally be less likely to

generate oxidative stress than older IV iron preparations (Geisser and Burckhardt 2011).

The magnitude of the rise in hepcidin on the first study day was much more substantial in
the IR group, presumably due to a potent suppressive effect of low serum and hepatocyte
iron on hepcidin secretion in the ID participants, whatever the stimulus for the increase may
have been. When IV iron was given, hepcidin levels rose more markedly, as expected, in
response to the acute elevation in serum iron. The rise was again constrained in the ID
group, suggesting that existing tissue iron depletion still acts as a very strong negative

regulatory signal even when serum iron levels are acutely elevated.

With this in mind, it is interesting to note that in Ethiopian highlanders with elevated [Hb],
hepcidin is not heavily suppressed despite exposure to chronic steady-state hypoxia; iron
demand and body iron stores instead appear to be the primary regulators of circulating
hepcidin in this setting (Lundgrin et al. 2013). Equally, venesection of Peruvian high-
altitude residents suffering from chronic mountain sickness — a condition in which
polycythaemia, hypoxaemia and PH are features (Naeije and Vanderpool 2013) — brings
about a very rapid fall in circulating hepcidin levels, consistent with an erythroid regulator

signalling the tension between erythropoietic drive and iron supply (Talbot ef al. 2016).
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3.6. Conclusions

This aspect of Study A has demonstrated that both euoxic serum erythropoietin, and the rise
in response to hypoxia, are abnormally high in iron-deficient individuals, though the
relative contributions from [Hb] and iron status cannot be determined with certainty. A
slightly longer interval following iron supplementation would help address this issue, and

this will be explored further in Chapter 4.

These experiments also suggest that hypoxia does not act to suppress circulating hepcidin
levels for some hours, and may even initially promote an increase in hepcidin. They indicate
a rapid increase in plasma hepcidin in response to IV iron loading in iron-replete
individuals, and very marked attenuation of this effect by iron deficiency, consistent with
signals from the store regulator and erythroid regulator that cannot be immediately
overridden in this situation. Finally, a small increase in IL-6 in response to hypoxia is
suggested, and a significant acute effect of iron-loading using ferric carboxymaltose to

promote inflammation in healthy individuals, refuted.
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muscle metabolism

4.1. Introduction

So far this thesis has considered the effects of iron deficiency on the pulmonary vasculature
and, to a lesser extent, the kidney; two sites where hypoxia is sensed and responses
engendered to optimise the systemic supply of oxygen. Though the oxygen-sensing cells at
these sites of course themselves consume oxygen, their major role is in triggering integrated
physiological processes central to organismal oxygen homeostasis. In moving now to
consider skeletal muscle, it will become clear that a very different situation exists; this
tissue is a major consumer — frequently the major consumer — of oxygen, given the
requirement to oxidise lipid and carbohydrate in order to meet the very considerable energy

demands of muscular work.
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4.1.1. Energetics and oxygen cost of skeletal muscle contraction

The immediate energy source for muscular contraction is ATP, which can be generated
from a variety of fuels (Table 4-1). The most energy-dense and therefore efficient means
for the body to store energy is as fat within adipose tissue (~ 9.3 kcal/g); in comparison,
only a very small amount of energy is stored as carbohydrate, which is less than half as
energy dense (~ 4.1 kcal/g). In fact, carbohydrate is made even less favourable in this
respect owing to the intracellular accumulation of water that inevitably accompanies
glycogen synthesis (Cahill 1970). However, in terms of the liberation of energy that may
usefully be employed in the resynthesis of ATP from ADP, oxidation of carbohydrate offers
a considerable advantage in that, as can be seen from Table 4-1, oxidation of lipid does not

allow as rapid a production of ATP as is the case if muscle carbohydrate is used.

Maximal ATP production rate  Total P-equivalent available
Fuel source

(mmol/s) (mol)
Muscle ATP 0.2
Muscle PCr 73.3 0.45
Muscle glycogen — glycolysis 39.1 6.7
Muscle glycogen — oxidation 16.7 84
Liver glycogen — oxidation 6.2 19
Adipose tissue fatty acids — oxidation 6.7 4000

Table 4-1. Sources of fuel for human skeletal muscle contraction

The P-equivalent is the amount of ATP that may be resynthesized from ADP and inorganic
phosphate (Pi) using a given fuel source. Note that although ATP for skeletal muscle contraction
may be synthesised most rapidly by hydrolysis of phosphocreatine (PCr), if used exclusively this

energy source would be exhausted in only 6 seconds. Data taken from (Berg et al. 2012) page 835.
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Additionally, textbooks of exercise physiology often state that oxidation of fat is more
costly with respect to oxygen than is oxidation of carbohydrate. For the complete oxidation

of a single molecule of glucose we have:

CsH 1206 + 602 — 6CO;2 + 6H,0

This reaction is generally stated to yield 36-38 molecules of ATP. Whereas for lipid, in this

case palmitate, we find that the following reaction yields 130 molecules of ATP:

CH3(CH2)14COOH + 230, — 16CO + 16H,0

On the face of it, therefore, oxidation of carbohydrate requires less oxygen per ATP
molecule resynthesized than does fat. However, whereas the anaerobic metabolism of
glucose to pyruvate predictably yields 2 molecules of ATP, owing to peculiarities of
mitochondrial oxidative phosphorylation the stoichiometry of the metabolism of pyruvate
to carbon dioxide and water is not fixed, and the true yield may in fact be closer to 30
molecules of ATP (Hinkle ef al. 1991). Thus, the factor of most importance when
considering fuel selection for aerobic muscular work is likely to be the rate of ATP

resynthesis possible, rather than the oxygen cost of a given fuel.

That the major available fuels for muscular contraction vary both in their abundance, and
the speed at which they can be harnessed to regenerate ATP, has important consequences
for exercise physiology. These can be illustrated by considering different intensities of
muscular work. At one extreme, studies of human locomotion are remarkable for reporting
consistently that fasted adult humans walk at a characteristic speed, termed the preferred

walking speed (PWS). In one study, which investigated oxygen consumption and fuel
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selection using indirect calorimetry during human walking, Willis and colleagues found

this to be ~ 4.7 km/hour:

“At speeds less than or equal to PWS, muscle carbohydrate oxidation
rates were quite low, in the range that could be matched by
gluconeogenesis. Above 4.8 km/hour carbohydrate oxidation rate
increased abruptly...We conclude that PWS is just below a threshold
speed, above which carbohydrate oxidation abruptly increases.”

(Willis et al. 2005).

Thus, as would be expected, the metabolic preference appears to be to burn the most
abundant fuel at low workloads. For endurance activities in which exercise significantly
above walking pace is undertaken, we find the body forced to utilise carbohydrate. At the
outset of a marathon, for example, carbohydrate oxidation dominates. Though it is certainly
true that over the course of such an event fat is increasingly utilised, exhaustion of muscle
glycogen has disastrous consequences for athletic performance in this situation (Costill
1972). Endurance athletes recognise the point at which this occurs as ‘hitting the wall’,
though the integrated physiology of this phenomenon is probably somewhat more complex

simply than running out of carbohydrate (Rapoport 2010).

At the other extreme from walking, during short periods of extremely intense exercise such
as maximal sprinting over a distance of 100 m, oxidative processes are essentially non-
contributory. In this situation, PCr degradation accounts for about half of total anaerobic
ATP production with the remainder provided by anaerobic glycolysis (Gaitanos et al.
1993). Though during this sort of intense exercise ATP resynthesis proceeds in the absence
of oxygen, the process cannot continue indefinitely; eventually the lactate derived from

pyruvate that would otherwise have entered the tricarboxylic acid cycle will have to be
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metabolised. To put it another way, the ‘oxygen debt’ that has been built up during this

period of intense activity will have to be paid:

“The lactacid debt amounts at most to 0.22 kcal/kg or about 3 litres 0;
for man, on the average...the lactacid debt process is completed in
about 40 seconds in the most strenuous exercise. Therefore, at the
highest workloads, the only energy source available after 40 seconds

resides in oxidative processes.” (Margaria et al. 1964)

However, it sometimes seems to be implied that for human cells generally a ‘switch’ to

anaerobic glycolysis is an excellent strategy for times when oxygen is scarce. For example:

“Activation of glycolytic genes by HIF-1 is considered critical for
metabolic adaptation to hypoxia through increased conversion of
glucose...to lactate...HIF-1 also actively suppresses metabolism through
the TCA cycle by directly trans-activating the gene encoding pyruvate
dehydrogenase kinase 1..a hypoxia-induced metabolic switch that
shunts glucose metabolites from the mitochondria to glycolysis to

maintain ATP production...” (Kim et al. 2006)

Similarly:

“A key feature of metabolic pathways is their plasticity. Changes in
nutrient availability or oxygen levels are the best-characterised drivers
of metabolic reprogramming. For example, hypoxia is a well-known
driver of glycolysis, as an oxygen deficit results in limited oxidative
phosphorylation. Under these circumstances cells must rely on glycolysis
to generate ATP. HIF-1a is critical for this process, as it induces the
expression of glycolytic enzymes such as hexokinase and
phosphofructokinase, thereby allowing for sustained ATP production.”

(Corcoran and O'Neill 2016)
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Though such statements have an inherent verisimilitude, there is a real danger in assuming
that the manner in which cells — often immortalised cancer cells — behave in culture is a
good reflection of the situation that is to be found when they are organised neatly into a
whole human organism. The suggestion that skeletal muscle ATP resynthesis might be
‘maintained’ or ‘sustained’ by anaerobic glycolysis is clearly refuted by the brief discussion

of bioenergetics above. Leverve puts it rather well:

“In prokaryotes...complete oxidation involving a respiratory chain, and
thus requiring oxygen, is not mandatory because these organisms can
release the excess of reducing equivalents in the medium (by releasing
reduced compounds such as lactate, ethanol, glycerol, etc.). By contrast,
in mammals, as in all superior eukaryotes, full oxidation of energetic
substrates is mandatory, leading to CO, and H>O formation.”

(Leverve 2007)

Thus, whilst it is true that oxidation of muscle carbohydrate rather than fatty acids offers
an improvement in the rate of ATP resynthesis achievable, it is evident that metabolism of
pyruvate to lactate, to escape altogether the requirement of skeletal muscle for oxygen, is
not tractable — it is simply a temporising measure. This is essential to bear in mind when

considering the role of the HIF pathway in skeletal muscle.

At this point it will be helpful to consider the concept of thresholds, a variety of which are
ubiquitous in the exercise literature. It might mistakenly be assumed that there exists a point
during exercise at which work intensity becomes so high that a ‘switch’ to anaerobic
respiration is necessary in order to continue any further, with entirely aerobic metabolism
up until this point. This would be a gross misrepresentation; at any workload there will be
some skeletal muscle units respiring anaerobically and some aerobically; the balance

between these will determine the extent to which circulating blood lactate levels rise (Myers
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and Ashley 1997), if indeed they do so at all. This point is nicely illustrated by the finding
that energy provision for gracilis muscle contraction in the walking dog is met entirely
through anaerobic glycolysis despite abundant oxygen (Connett et al. 1984); this also
highlights that fuel selection and metabolic strategy are not simply determined by oxygen
supply. In fact, skeletal muscle is not solely important in this regard; other tissues are

capable of disposing of lactate:

“An erythrocyte is a completely anaerobic cell, since it lacks
mitochondria, therefore the only way to produce ATP is the non-
oxidative glycolytic pathway, resulting in obligatory lactate release. On
the contrary, the liver is a full aerobic organ producing ATP from the
aerobic fatty acid (beta)-oxidation, and using this energy to synthesise
glucose from lactate. Hence, by recycling the carbons between lactate
and glucose, the liver actually ‘respires’ for the erythrocyte mass.”

(Leverve 1999)

Thus, the lactate generated by skeletal muscle contraction may be metabolised elsewhere,
and the kinetics of blood lactate accumulation during muscular exercise will reflect the
integrated metabolic behaviour of the body’s tissues as a whole; if levels are rising or falling
there must be net lactate production or disposal, respectively, at that point in time. It is
certainly the case, though, that in a given individual there exists a point at which the rate of
change with increasing work of blood [lactate] noticeably accelerates. This inflection point
on the line describing the relationship between work and [lactate] is described as the lactate
threshold, and is generally seen to coincide with a similar ventilatory threshold. Whatever
the exact physiological basis for such thresholds, they do offer a convenient index of
aerobic exercise metabolism that may be exploited in a range of settings, including clinical

physiology studies of skeletal muscle metabolism.
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4.1.2. HIF and skeletal muscle

If we consider certain aspects of the physiology of the pulmonary vasculature and
interstitial fibroblasts of the kidney, it is not terribly difficult to bring to mind likely roles
of an oxygen-sensing pathway at these sites. Given that it has just been argued that muscular
contraction cannot escape the requirement for oxygen, and rather a lot of it at that, it might
be a struggle to generate hypotheses surrounding the role of HIF in skeletal muscle. We
could hypothesise, from what has gone before, that the HIF pathway functions here to ‘fine-
tune’ metabolic pathways in some way, according to prevailing fuel availability or the type
of muscular work to which an individual is habituated — repeated short bursts of anaerobic
exercise versus long periods of sustained submaximal exertion, for example. HIF might
perhaps also play a role in regulating the abundance of the organelle responsive for the bulk

of skeletal muscle oxygen consumption — the mitochondrion.

Evidence regarding the role of HIF in skeletal muscle comes from two main sources, which
not infrequently overlap: (i) studies of humans or animals with genetic abnormalities of, or
variation within, HIF-pathway components; and (i1) studies where athletic performance is
of primary interest to the investigators. In the case of the former, Mason and colleagues
found that tissue-specific deletion of murine skeletal muscle HIF-1a blocked exercise-
induced changes in muscle gene expression and significantly decreased amounts of lactate
in the serum of exercising mice (Mason et al. 2004). Interestingly, exercise times in the
knockout animals were at first prolonged, but repeated exercise bouts caused extensive
muscle damage, similar to that seen in human diseases caused by deficiencies of enzymes
important for glycogenolysis and glycolysis. The same group later reported upregulated
oxidative capacity in these knockout animals in the absence of training, in tandem with

decreased expression of pyruvate dehydrogenase kinase 1 (PDK1) (Mason et al. 2007),
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which, as alluded to above, is encoded by a HIF-target gene. In effect, they argued, loss of

HIF-1a induced “endurance adaption” in skeletal muscle.

On the other hand, it was reported that in mice, stimulating mitochondrial biogenesis (using
overexpression of peroxisome proliferator-activated receptor-coactivator-la), led to
HIF-1a protein stabilisation; this phenomenon apparently resulted from an increase in
cellular oxygen consumption (O'Hagan et al. 2009). It was therefore suggested that HIF
might play a role in matching oxygen supply to demand, both by regulating angiogenesis
in response to training-induced mitochondrial biogenesis, and by negatively regulating
mitochondrial biogenesis itself. A further study showed that, as would be expected based
on these previous investigations, loss of PHDI1 altered murine skeletal muscle glucose
metabolism, promoting glycolysis to generate ATP, and impairing oxidative muscle
performance (Aragones et al. 2008). One study has reported the opposite effects,
specifically that loss of PHD2 in mice and consequent stabilisation of HIF enhanced the
effects of endurance running training (Nunomiya et al. 2016). However, this study did not
use skeletal-muscle-specific silencing of PHD2 expression, so these animals had a [Hb]
fifty-percent higher than controls, which one would anticipate to be a very significant

confounding factor.

In humans, Formenti ef al. reported that, in addition to the abnormalities already described,
CP patients had impaired skeletal muscle oxidative phosphorylation (Formenti ez al. 2010).
Using 3'P-magnetic resonance spectroscopy (MRS) they showed more marked PCr
depletion and intracellular acidosis during small muscle mass exercise (Figure 4-1). Given
the nature of this exercise challenge, it appeared very unlikely that differences in [Hb] or

local blood flow regulation explained the abnormalities demonstrated.
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Figure 4-1. Phosphocreatine metabolism during small muscle mass exercise in patients with CP

(A) PCr concentration; (B) inorganic phosphate (Pi) concentration; and (C) pH, over time. Data
were obtained using 3'P-MRS of the right calf muscle. Three periods of plantarflexion exercise
were undertaken against a spring-loaded footplate, at increasing power outputs (indicated by
black bars). Vertical dashed lines indicate the onset and offset of these 5-minute exercise bouts;
empty circles show results for the control group (n=5); filled circles those for the CP group (n=5).
Values are minute averages + SD. Hatched horizontal bars indicate periods of significant difference

in values between groups (P < 0.05). Reproduced from (Formenti et al. 2010).

Additionally, patients with CP showed an earlier rise in blood [lactate] during

cardiopulmonary exercise testing (CPET) using a bicycle ergometer, and analysis of vastus
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lateralis biopsies suggested upregulation of HIF-target genes, including those encoding
several PDK isoforms, favouring glycolysis. However, this study was rather small,
involving as it did only five patients. Additionally, at least three of these individuals were
likely to have been profoundly iron deficient as a consequence of therapeutic venesection.
Other work in CP patients, and mice harbouring the Chuvash mutation, has suggested
greater skeletal muscle glucose uptake as a result of increased expression of the glucose
transporter GLUT4 (McClain et al. 2013), with lower blood glucose levels as a

consequence.

Studies in Tibetans also provide some interesting observations. For example, a study at an
altitude of 4,700 m involving 17 lifelong Tibetan residents and 14 acclimatised Han
Chinese newcomers, reported that mean anaerobic threshold values in the Tibetan and Han
groups were 84.1 and 61.6% V0,MAX (maximal oxygen uptake), respectively, with
Tibetans also showing lower blood lactate levels before and at the end of exercise (Ge et
al. 1994). These observations imply that, just as in the pulmonary vasculature, a
downregulated HIF system has the expected effect of attenuating some of the physiological
responses to hypobaric hypoxia. The Han Chinese displayed a lower lactate threshold and
higher end-exercise lactate, consistent with the expected promotion of glycolysis by

hypoxia — the higher eukaryotic equivalent of the Pasteur effect (Racker 1974).

In the case of studies of HIF that have focused on athletic performance, Lindholm and
colleagues studied elite athletes, and moderately active individuals who undertook an
exercise programme. They reported HIF to be very strongly negatively regulated in the
skeletal muscle of elite athletes, which appeared to be largely the result of PHD2
upregulation (Lindholm et al. 2014). These investigators suggested that this phenomenon

might attenuate PDK1 expression leading to activation of the pyruvate dehydrogenase
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(PDH) complex, which is the rate-limiting step in aerobic ATP synthesis. An exercise
programme in the initially moderately active individuals induced some aspects of the
changes seen in elite athletes within a matter of weeks. Conversely, high-intensity interval
exercise has been reported to increase HIF activity and promote glycolysis, at least in an

animal study (Abe et al. 2015).

4.1.3. Skeletal muscle and systemic iron homeostasis

Despite containing a significant proportion of the body’s iron, much less is known about
the role of skeletal muscle in systemic iron homeostasis than is the case for the liver. It is
apparent, though, that many genes of importance for hepatic regulation of iron homeostasis
are also expressed in skeletal muscle, including those encoding TfR1, haemojuvelin, HFE,
DMT1 and ferroportin; whereas hepcidin and TfR2 are near-absent (Polonifi e al. 2010).
Haemojuvelin is very highly expressed, so it is surprising to find that skeletal-muscle-
specific loss of haemojuvelin has no detectable consequences for iron homeostasis in mice

(Chen et al. 2011), whereas hepatic loss of haemojuvelin causes haemochromatosis.

Much of the iron in skeletal muscle is within the haem moiety of myoglobin. The
importance of the ferrous ion in haem for the function of the tetrameric oxygen-transport
protein haemoglobin was considered at the outset of this thesis. The relationship between
the partial pressure of oxygen and its binding to myoglobin is quite different from that of
haemoglobin, and its role in human skeletal muscle has been surmised to relate to
optimisation of oxygen diffusion (Duteil et al. 2004). Having said this, there is still
uncertainty despite 75 years of debate on the issue (Millikan 1939), and it is notable that
myoglobin-knockout mice exhibit preserved exercise capacity, intact ventilatory responses
to hypoxia, and grossly normal skeletal muscle metabolism (Garry ef al. 1998). In terms of

whether iron is lost from skeletal muscle when a state of negative iron balance exists, it was
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reported that, in rats fed diets lacking in iron, the degree of depletion of muscle
cytochrome ¢ mirrored the fall in [Hb] as a result of IDE; myoglobin content seemed to be

more resistant, but did ultimately fall (Siimes et al. 1980) (Figure 4-2).
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Figure 4-2. Effect of dietary iron on systemic iron homeostasis in rats

Animals (n=6 for each diet) were fed a controlled diet for three weeks, from three weeks of age,
before measurements were made. Note that [Hb] and skeletal muscle cytochrome c content show
a threshold effect, being more or less stable above a dietary intake of around 25 mg/kg, but falling
steadily below this level; muscle myoglobin content shows a similar phenomenon but is preserved
until dietary iron is further restricted. Liver non-haem iron content rises progressively as dietary
iron intake increases, as would be expected for the major site of iron storage. TSat is stable over
the middle of the range of dietary iron intake, but falls rapidly at the point at which erythropoiesis
becomes restricted by iron availability, as is seen in human IDE. It is possible to overload hepatic
iron storage capacity, such that TSat rises, as in human haemochromatosis. Values are means;
error bars represent SEM. Note the log scale on the x-axis. Adapted from (Siimes et al. 1980) with

permission.
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Other animal studies have similarly reported a fall in skeletal muscle oxidative enzyme
content using this experimental approach (Finch ef al. 1979, McLane ef al. 1981, McKay
et al. 1983). On the other hand, during ascent to altitude in humans, it was reported that the
stimulation of erythropoiesis by hypobaric hypoxia was sufficient to bring about a
significant lowering of skeletal muscle myoglobin expression and down-regulation of iron-
related proteins including ferritin and TfR1 (Robach et al. 2007). This was accompanied
by a fall in iron content of the muscle to around two-thirds of initial values. These changes
were noted to be concurrent with increased ferroportin mRNA levels, suggesting possible
enhanced iron export, though it is difficult from this study alone to determine whether the
observed changes represent regulated redistribution of iron from skeletal muscle. Levels of

skeletal muscle oxidative enzymes were not reported in this study.

4.1.4. Functional consequences of skeletal muscle iron deficiency
4.1.4.1. Animal studies

Despite being a haematologist, Finch was very interested in the extra-haematological
consequences of iron deficiency, and with his colleagues undertook several animal studies
designed to identify direct effects on skeletal muscle function. Notably, it was demonstrated
that work performance on a treadmill was considerably impaired in iron-deficient rats,
despite removal of anaemia as a confounding factor using isovolaemic transfusion to match
[Hb] with iron-replete control animals (Finch et al. 1976). When administered to iron-
deficient animals, intraperitoneal iron dextran therapy corrected the observed abnormalities
within 4 days. Finch thought it likely that a specific underlying defect of mitochondrial

function was responsible.

This work was extended to demonstrate that in iron-deficient rats, muscular work was

associated with a higher blood [lactate] than in iron-replete animals (Finch et al. 1979).
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Importantly, in this second study it was demonstrated using infusion of '*C-labelled lactate
that hyperlactataemia was the result of excessive lactate production rather than impaired
clearance from the blood. Additionally, it was shown that energy substrates — blood
glucose, free fatty acids, and muscle glycogen — were adequate in iron-deficient animals.
Further disambiguation of the effects of [Hb] and iron status was provided by work
undertaken by Dallman’s group, which suggested that whilst anaemia limits oxygen
delivery to exercising muscle, tissue iron deficiency limits oxidative metabolism (Figure
4-3). Like the work of Finch, these studies involved iron repletion and exchange transfusion

in rats (Davies et al. 1982, Davies et al. 1984).
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Figure 4-3. Recovery of various parameters during dietary iron repletion in iron-deficient rats

The “recovery” values given are expressed as a percentage of those achieved by a control group
on corresponding days. A strong correlation of Vo,MAX with haematocrit is evident, as is a
relationship between endurance and skeletal muscle oxidative enzyme activity. Pyruvate oxidase

is synonymous with PDH. Reproduced from (Davies et al. 1982).
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Subsequently, using *'P-MRS during electrical stimulation of the gastrocnemius muscle in
rats (Figure 4-4), iron deficiency was shown to be associated with increased PCr breakdown
and acid production in contracting skeletal muscle (Thompson et al. 1993a), very similar

to the findings in patients with CP already discussed.
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Figure 4-4. 3'P-MRS data obtained using sciatic nerve stimulation in rats

Changes in (A) PCr, and (B) pH, during stimulation at 2 Hz. Filled circles represent animals fed a
normal diet; open circles, those fed an iron-deficient diet. Values are means; error bars represent
SD. PCr breakdown and intracellular acidosis were both significantly greater in the iron-deficient

animals (P < 0.001, both comparisons). Adapted from (Thompson et al. 1993a) with permission.

155



Chapter 4. Skeletal muscle metabolism

Finally, perhaps the most dramatic illustration of the importance of iron for skeletal muscle
function comes from a study in which TfR1 was conditionally knocked out in the skeletal
muscle of mice (Barrientos et al. 2015). These animals developed severe skeletal muscle
metabolic derangement and growth arrest, and died around two weeks after birth. Clearly,
depriving any large tissue mass of iron is a rather blunt tool, and it might be argued that it
is not surprising that this sort of insult was, to use the authors’ own description of the
phenotype, “catastrophic”. However, associated dramatic changes occurred in other tissues;
gluconeogenesis was stimulated in the liver, which itself became iron deficient with
suppressed hepcidin production, and hypoglycaemia ensued. Thus, the complexity of

interactions between iron homeostasis and metabolism was further highlighted.

4.1.4.2. Human studies

“One must be cautious about extrapolating these data to human iron
deficiency because of the possible influences of species difference,
aetiology of the deficiency and differing severity of the iron deficiency.
In animals, iron deficiency is usually induced by severe dietary iron
restriction to the growing rat...In this model, myoglobin concentrations
are also reduced as are iron dependent enzymes important in
mitochondrial oxidative phosphorylation...In man, the situation appears
different. In adults the aetiology is usually chronic blood loss. Muscle
myoglobin and enzyme concentrations may be preserved despite a
reduction in haemoglobin...In severe iron deficiency in the rat, we have
confirmed the presence of a mitochondrial defect in vivo. More
moderate iron deficiency in man may not show these metabolic

differences.” (Thompson et al. 1993a)

Though work in rodents strongly suggests a defect in mitochondrial oxidative
phosphorylation attributable to iron deficiency, considerable caution is required when

drawing inferences for humans from such experiments, as the authors of the study from
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which Figure 4-4 is taken articulate so well in the above quote. Indeed, using repeated
venesection to induce severe iron deficiency for four weeks in healthy men, followed by
transfusion to correct the ensuing anaemia, one group had previously reported no evidence
of any effect on maximal oxidative enzyme activity in human skeletal muscle (Celsing et
al. 1986). Subsequently, these investigators also found that an [Hb] of 8-10 g/dl, as a result
of naturally occurring iron deficiency, was not associated with the sort of impaired skeletal
muscle biochemical function seen in rodents (Celsing et al. 1988), though this study was
performed in Indonesian subjects who the authors noted appeared — somewhat
unexpectedly — to differ rather substantially from Caucasian individuals with respect to

skeletal muscle enzyme function.

On the other hand, that iron deficiency might directly influence work capacity and lactate
kinetics during exercise has been suggested by a number of studies over several decades.
For example, a study of the effect of 3 months of oral iron supplementation in the “elderly”
(defined as men and women aged 58-71 years) reported improvements in physical work
capacity in those receiving iron, despite no concomitant increase in [Hb] (Ericsson 1970).
Also, in subjects with moderately severe anaemia (mean [Hb] 6.6 g/dl), maximal exercise
time increased significantly within four days of IV iron dextran therapy, and post-exercise
venous blood lactate was similar with successive experiments even though subjects reached
higher workloads (Ohira et al. 1979). However, with the degree of anaemia in this latter
study, [Hb] was seen to rise within days, confounding the findings somewhat, though the
authors commented that the elevation of Hb concentration did not seem to be entirely

responsible for their findings.

In a small study of trained female athletes with and without iron deficiency, two weeks of

oral iron therapy had no effect on performance during incremental exercise to exhaustion
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on a bicycle ergometer, but blood lactate levels at maximum exercise in the iron-deficient
group decreased significantly from 10.3 + 0.6 mmol/L before therapy to 8.42 + 0.7 mmol/L
after therapy (Schoene et al. 1983). The authors took this to imply that iron played a role in
oxidative metabolism; unfortunately, but predictably, [Hb] in the iron-deficient group rose

significantly with therapy, confounding the findings.

A recent systematic review and meta-analysis of the iron and exercise literature found
fifteen eligible studies using oral iron and two using intramuscular iron; based on these it
was concluded that iron improved the aerobic capacity of endurance athletes with NAID
(Burden et al. 2015a). The group who conducted this review subsequently reported the
findings of a study wherein they administered 500 mg IV ferric carboxymaltose to iron-
deficient elite athletes (Burden et al. 2015b). Surprisingly, in view of the results of their
meta-analysis, no difference was demonstrated in VO0aMAX, submaximal blood lactate,
running economy, RPE, or time to exhaustion during incremental exercise tests to volitional

fatigue.

4.2. Aims

Fundamentally, Study B, sought to determine whether iron deficiency in otherwise healthy
individuals has consequences in any way similar to those seen in animals, and, based on
the premise that iron deficiency upregulates the HIF pathway, the observed abnormalities
of metabolism in patients with CP. The hypothesis was that iron deficiency would act
significantly to alter human skeletal muscle metabolism, leading to impaired oxidative
phosphorylation, as assessed using *'P-MRS, and augmented lactate accumulation during

exercise, and that these effects would be independent of [Hb].
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4.3. Methods

The contributions of this author and other individuals to the design and execution of
Study B are described in detail in Appendix A. The design of Study B had much in common
with Study A, with the notable difference that in this instance not all participants were given
IV iron. This was instead a prospective, randomised controlled clinical study, with
participants and investigators blinded to intervention. We recruited otherwise healthy adults
with absolute iron deficiency. Iron-replete age- and sex-matched volunteers served as
controls. Participants were studied on two occasions, approximately a week apart. A flow

diagram illustrating the study protocol is given in Figure 4-5.

4.3.1. Eligibility criteria

The iron parameters defining ID and IR groups were as for Study A. Eligibility criteria were
also similar, with the notable addition of the requirement for participants to be MRI
compatible. Thus, participants with ferromagnetic implants or any other characteristics

precluding safe performance of *'P-MRS were excluded.

4.3.2. Participant recruitment

During the period of recruitment between October 2014 and September 2016, blood donors
in Oxfordshire, UK were offered information about the study if below the haemoglobin
threshold to donate. Advertisements were placed concurrently for controls; in contrast to
Study A, on this occasion it was also made explicit that individuals known to be iron
deficient but otherwise healthy would be welcome to volunteer. This strategy was adopted

in an attempt to facilitate recruitment to the ID group.
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Deferred blood donors
Responses to adverts
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Obtain informed consent
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31P-MRS calf muscle
Bicycle ergometer CPET
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Interval ~ 1 week
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Second study day

31P-MRS calf muscle
Bicycle ergometer CPET

Figure 4-5. Overview of protocol for Study B

A detailed description of the experimental techniques employed can be found in section 4.3.3.
Compare with the somewhat different protocol for Study A (Figure 2-12), in which infusions were
given at the beginning of each study day, with all participants receiving an iron infusion on the

second. MRS, magnetic resonance spectroscopy; CPET, cardiopulmonary exercise testing.

Volunteers attended a screening visit conducted by a physician including medical history,

questioning regarding exercise habits, examination, spirometry (MicroLab", CareFusion,
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UK), venous blood sampling and familiarisation with study procedures. The latter included
an explanation of the requirements of the plantarflexion exercise protocol within the MRI

scanner and subsequent CPET.

4.3.3. Study visits

Participants were asked to have a normal dinner on the evening prior to each experimental
day but avoid alcohol. The next morning, having fasted and drunk only water after waking,
they were collected by taxi and brought to the John Radcliffe Hospital, where they were
met and escorted to the University of Oxford Centre for Clinical Magnetic Resonance
Research (OCMR). This strategy was adopted to ensure that participants arrived on time,
relaxed, and without having exercised in any way. >'P-MRS was performed in OCMR,
typically from 0700-0800 h, before moving to the University of Oxford Cardiovascular

Clinical Research Facility (CCRF) for CPET.

4.3.3.1. 3'P Magnetic resonance spectroscopy

Skeletal muscle 3'P-MRS was performed in the supine position with a dual-tuned *'P and
'H 6-cm-diameter surface coil secured under the right calf. The right foot was fastened to
a custom-built plantarflexion exercise apparatus (Figure 4-6) with the leg straightened, and
the calf exercised at 1 Hz in time to a digital metronome played via the integral MRI scanner
headphones. Three 5-minute periods of exercise, at 3 W, 4 W and finally 5 W, were
alternated with 7-minute recovery periods. Participants were given handgrips to hold,
which were connected by means of a narrow band of inelastic polypropylene webbing that
ran around the distal aspect of the plantarflexion apparatus; this was to ensure isolation of
the desired exercise muscle group and minimise the extent to which the participant was

thrust away upon plantarflexion.
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Adjustable foot restraint

Plastic foot pedal
Hard stop

Bungee cords
Tension scale

Tension bar
Copper screw

Handle

Figure 4-6. Plantarflexion exercise apparatus

Bungee cord tension was adjusted by turning the handles clockwise to move the aluminium bar
further from the footplate; the device was calibrated using a strain gauge and the required
position of the bar to give the three desired work rates marked on a scale. This allowed the tension
to be adjusted quickly under direct vision during the 7-minute rest periods. The whole
plantarflexion apparatus was arranged so as to abut the end of the MRI scan table, and strapped
in place on using a combination of inelastic polypropylene webbing and a proprietary putty-like
pressure-sensitive adhesive tac (Blu-Tack®, Bostik, Leicester, UK). This configuration guaranteed
that no movement of the apparatus could occur during exercise. The ‘hard stop’ aided consistent
depression of the pedal, allowing the participant and investigators audible feedback to ensure that

exercise was being performed in a satisfactory manner.

Data for this portion of the protocol were analysed off-line by a blinded investigator. This
individual did not know the gender or age of the participant, nor to which visit the data
related. Spectral peaks were fitted using the automated AMARES algorithm within the
JMRUI software package. Absolute concentrations of phosphorus metabolites were

calculated from the spectral data using an established method (Golding ef al. 1995, Kemp
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etal. 2007, Formenti et al. 2010, Kemp et al. 2015). This approach (i) assumed the cytosolic
concentration of ATP at rest to be 8.2 mmol/L; (ii) took the creatine kinase reaction to be

at equilibrium; and (iii) corrected for measured pH:

pH=6.75+1log ((c — 3.27) + (5.63 — 0))

Where o is the chemical shift, in parts per million, of the Pi peak (Figure 4-7).

Stimulus to contraction

Creatine
PCr
« Lactate | [N |
| = [ADP]
— ATP = [AMP]
supply
0, - \\
Pi ‘1 ATP
- j’y_\_m Ji | iA'"I ‘f'i. ,’\
J U\ J\ f
L
pH

Buffered H*

Figure 4-7. Skeletal muscle metabolism as interrogated using 3!P-MRS

The energetics of contraction are simplified to ATP supply and demand, buffered by the creatine
kinase (CK) reaction which equilibrates PCr, creatine (Cr), ATP and ADP. The shaded rectangle
represents the metabolic domain from which data can be derived using 3P-MRS. The resting
muscle spectrum to the right of the figure shows the peaks of Pi and PCr and the three peaks of
ATP, from which the cytosolic pH (and the free concentrations of ADP and AMP) may be derived.

Adapted from (Kemp et al. 2015) with permission.

The kinetics of PCr resynthesis were modelled for the recovery period after each

plantarflexion exercise bout. A monoexponential relationship was derived for each set of
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recovery data (Meyer 1988), using a least-squares-fit approach to determine the time-

constant (t), and expressing [PCr] as a function of time (t) (Khushu ez al. 2010):

[PCr]c = [PCr]o + ([PCr]rest - [PCr]o) - (1 —e (V)

Which, if [PCr] values are normalised such that [PCr]'rest = 1, simplifies to:

[PCr]'i=1—e Y9 - (1 -[PCr]")

Additionally, the maximum theoretical rate of mitochondrial ATP synthesis (QMAX) was
extrapolated from a combination of the end-exercise [ADP] and initial rate of PCr

resynthesis, as follows:

QMAX =V - (1 + (Km = [ADP])")

Where V is the initial rate of PCr resynthesis, K is the [ADP] at which oxidative ATP
synthesis is taken to be half maximal (25 pmol/L) and n (2.2) is a Hill coefficient that
describes the relationship between V and [ADP] (Jeneson ef al. 1996, Trenell et al. 2006,

Edwards et al. 2012). Figure 4-8 shows a typical fit achieved using this approach.

4.3.3.2. Cardiopulmonary exercise testing

Following completion of the 3'P-MRS section of the experimental protocol, participants
were escorted to CCRF for the second experimental component of the study morning. First,
a 22-gauge venous cannula (Venflon ", Becton Dickinson) was inserted aseptically into a
large antecubital fossa vein (typically ipsilateral to the non-dominant hand), from which
20 ml of blood were drawn and processed as described for Study A. Thereafter, large
skeletal-muscle-mass exercise was investigated using a stepped CPET to volitional fatigue

on an electronically braked cycle ergometer (ergoselect 100, ergoline GmbH, Germany),
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ensuring a constant work-rate at each level, independent of cadence. The saddle height was
carefully adjusted for participant comfort and the same setting used on both experimental
days. The participant wore a close-fitting facemask with respired gases sampled
continuously through a catheter and analysed by indirect calorimetry using a clinical-grade

CPET platform (Metalyzer® 3B CPET System, CORTEX Biophysik GmbH, Germany).
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’ 5 W monoexponential model
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Recovery time (seconds)

Figure 4-8. Monoexponential fitting of PCr recovery data

Typical experimental data, in this case taken from an iron-deficient female, following cessation of
plantarflexion exercise at 3 W and 5 W, on the second study day. [PCr] is expressed relative to
resting values and a monoexponential function (black line) has been fitted for each workload.

Modelling the recovery in this way allows T and QMAX to be derived.

At the outset, resting data were collected over a 2-minute period. Work was then begun at
50 W, for three minutes, increased thereafter by 25 W increments at 3-minute intervals.

Participants were asked to select a cadence that felt comfortable for them — typically around
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sixty revolutions per minute — and increase this as they wished as the work rate increased.
Venous blood was sampled via the indwelling cannula during the final thirty seconds of
each exercise interval and finally upon cessation of exercise. Samples were immediately
analysed for lactate concentration using a Lactate Pro™" near-patient testing device (Arkray
Inc. Japan), which had previously been clinically validated (Pyne et al. 2000, Goodwin et
al. 2007, Baldari et al. 2009, Tanner et al. 2010). At the time of blood sampling, participants
were asked to rate their perception of exertion by pointing to a fifteen-point rating of

perceived exertion (RPE) scale, from 6 (rest) to 20 (maximum exertion) (Borg 1970).

After a rest period of fifteen minutes following completion of maximal CPET, participants
were returned to the ergometer and two minutes of resting data recorded. Next, they were
asked to exercise for a further 20 minutes at a work rate equivalent to 65% VOMAX,
determined by interpolation of the data just obtained. Participants were allowed to drink
water ad libitum prior to exercise and during the rest period. During submaximal exercise,
blood was sampled at rest, after two minutes, five minutes and every five minutes thereafter.
On the second study day arrangements were identical, but the same work rate was used

during the submaximal CPET as on the first study morning.

Data obtained during CPET were processed off-line by a single investigator who had been
involved in supervising the cycle ergometer exercise testing but who did not know the iron
status of the participant nor whether they had been randomised to receive iron or saline.
This generated, for each time point, averages for the preceding 30 seconds, that is, the final
half minute of each exercise period. Then, using these data, the lactate threshold during
maximal CPET was determined as described by Wasserman and colleagues (Beaver et al.
1985). A plot of the logarithm of venous [lactate] against the logarithm of VO, was

generated and the point of intersection of the lines describing two phases of the lactate rise
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during incremental exercise determined, as illustrated in Figure 4-9. For completeness, the
lactate threshold was also determined using a plot of the logarithm of venous [lactate]

against work intensity.
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Figure 4-9. Determination of lactate threshold using a log-log plot

The dashed lines are of linear regression for two visually distinct segments, with the lactate
threshold defined as the point at which these intersect. The dotted line is single regression line
model of all data points. The arrow indicates the lactate threshold (LT) as previously determined
using a different visual method (a semi-log plot), to highlight that LT may be underestimated if

that technique is used rather than a log-log plot. Adapted from (Beaver et al. 1985).

4.3.3.3. Infusion and analysis of blood samples

At the end of the first study morning, participants received either 0.9% saline or ferric
carboxymaltose (Ferinject®, Vifor Pharma, Switzerland) 15 mg/kg (maximum 1 g); each
IV infusion was of 250 ml total volume and given over 15 minutes. Allocation was ina 1:1
fashion and was performed by an investigator who had no other role in the experimental
component of the study; block randomisation was used according to iron status and sex.

Participants were blindfolded, and the infusion, infusion line and infusion site obscured
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using an opaque plastic drape. Blood samples were processed as for Study A. The only
significant difference was that the ELISA used to measure hepcidin was more modern

(Hepcidin 25 HS, DRG, Marburg, Germany).

4.3.4. Statistics

The primary outcome measure was PCr depletion during graded exercise of a small skeletal
muscle mass, assessed with *'P-MRS. Secondary outcome measures included blood lactate
and cardiorespiratory parameters during large skeletal muscle mass exercise, assessed with

CPET. Statistical analyses followed the approach described for Study 4 (section 2.3.2).

4.3.5. Study approval

The study was conducted in accordance with the Declaration of Helsinki and received
ethical approval from the National Research Ethics Service NHS Oxford B Research Ethics
Committee (reference: 13/SC/0439). Though not a CTIMP, the study was nevertheless
registered prospectively with ClinicalTrials.gov (reference: NCT02308449). The study

sponsor was the University of Oxford. All participants provided written informed consent.

4.4, Results

4.4.1. Baseline characteristics of participants in Study B

Thirteen ID individuals were recruited and matched with controls, as illustrated in Figure
4-10. Table 4-2 gives baseline characteristics of the participants. Mean ferritin in the ID
group was 8.3 pg/L and transferrin saturation was 10.6%, indicating absolute iron
deficiency. Plasma sTfR values in the ID group were around twice those of IR participants.
Hepcidin was very heavily suppressed in the ID group. None of the participants in either

group had an elevated CRP.
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Characteristic ID Group (n=13) IR Group (n=13) P-value
Female sex — no. (%) 12 (92) 12 (92)
Age — years 23 (21.5 - 38) 24 (22 - 25.5) 0.59
Body mass index — kg/m? 21.8(20.8-24.1) 21.1(20.7 - 24.1) 1
Smoking status — ex:never 1:12 1:12 1t
Resting S,02 — % 98.8+0.9 98.5+1.1 0.45
Systolic blood pressure — mmHg 119+ 11 119+9 0.99
Diastolic blood pressure — mmHg 73+10 79+8 0.08
FEV1— % predicted 106 £ 12 104 +9 0.75
Weekly aerobic exercise — hours 5.0(2.0-7.5) 4.0(1.0-8.5) 0.70
Plasma CRP — mg/L 0.4 (0.3 -2.6) 0.5(0.3-1.6) 0.96
Serum ferritin — pg/L 8.3+3.1 58.0 +38.2
Serum TSat - % 10.6 £3.9 35.2+7.6
Serum iron — pumol/L 8.4+3.2 22.0+£3.6 <0.001
Serum transferrin — g/L 3.6+0.6 29105 0.003
Plasma sTfR — nmol/L 38.4 (32.7-50.9) 21.8 (18.4-25.0) <0.001
Plasma hepcidin — ug/L 2.0(1.3-2.4) 13.9(9.9 - 29.5) <0.001
Haemoglobin concentration — g/dl 12.7 (11.5-13.3) 13.6 (13.5 - 14.0) <0.001
Haematocrit — % 39.7+3.2 42.0+1.7 0.028
Mean cell volume - fl 86.9 (83.0-91.3) 92.4 (89.9-94.1) 0.010
Serum vitamin B12 323 (262 - 515) 398 (259 - 496) 0.98
Serum folate 6.7 (5.9-10.3) 8.8(7.0-14.1) 0.17

Table 4-2. Participant characteristics on enrolment to Study B

Values are means + SD, for normally distributed data, and comparisons by t-test; or medians (IQR),
if not normally distributed, in which case comparisons are by MWU test. t, Chi-squared test; CRP,
C-reactive protein. Note that values for hepcidin are not directly comparable with those from
Study A given in Table 2-1 as the assay used differs. P-values for comparisons where statistically

significant differences are present appear in bold.
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107 Responded to adverts

58 Did not attend screening visit
53 Were no longer interested
after provision of study

18 Deferred blood donors
expressed an interest

1 Did not attend screening visit

information 1 Enquired after recruitment
3 Enquired after recruitment completed
completed

2 Met exclusion criteria

49 Attended screening visit 17 Attended screening visit

19 Were ineligible
13 Did not meet haematological
entry criteria
6 Met medical exclusion criterion

11 Were ineligible
10 Did not meet haematological
entry criteria
1 Met medical exclusion
criterion

21 Were eligible for IR group | | 9 Were eligible for ID group | | 6 Were eligible for ID group

5 Were not enrolled
3 Could not be suitably 1 Was not enrolled 1 Was not enrolled
matched —] 1 Decided notto  [f&— —>> 1 Decided not to
2 Decided not to participate further participate further
participate further

16 Were enrolled to IR group 13 Were enrolled to ID group

16 Completed study with 13 Completed study with
analysable data analysable data

3 Were not analysed
3 Could not be suitably —f&——
matched

13 Were included in analysis 13 Were included in analysis

Figure 4-10. Study recruitment flow diagram for Study B

There were 18 expressions of interest from deferred blood donors and 107 responses to
advertisements, which, in contrast to Study A, also specifically invited individuals to respond if
they believed they might be iron deficient. Thirteen participants were enrolled to the ID group and
sixteen to the IR group. No ID participants could be recruited as suitable matches for three young

men enrolled to the IR group early in the course of recruitment.
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4.4.2. Haematological parameters over the course of Study B

Table 4-3 shows the manner in which haematological parameters and iron indices changed

between the first and second study days, according to whether participants received IV iron

or saline at the conclusion of the first study morning.

P-value for
ID Group (n=13) IR Group (n=13) interactions
(RM-ANOVA)
Iron (n=7) Saline (n=6) Iron (n=7) Saline (n=6) Day,
Day &
. status &
allocation i
Dayl Day2 Dayl Day2 Dayl Day2 Dayl Day2 allocation
13.1 13.0 12.7 12.5 14.3 13.7 14.1 13.9
Hb —g/d| +11 +13 +06 +0.7 07 09 04 0.6 0.66 0.43
84.4 87.1 86.0 86.0 91.9 91.4 90.9 91.3
Mcv -l +76 +£6.8 +39 +43 +57 26 +32 23 0.47 0.09
Ferritin — 7.9 561 6.9 10.6 56.3 840 29.0 38.7
ug/L +35 +433 +24 +28 +355 +331 +143 +16.2 <0.001 0.32
12.3 37.9 13.7 11.0 29.0 62.1 23.0 24.3
-0
TSat -% +49 +112 +55 +28 +88 +20.1 55 +125 <0.001 0.73
Iron - 9.3 24.0 11.1 8.7 17.8 31.2 16.2 16.5
pmol/L 2.6 +9.1 +4.8 +2.0 +48 +104 *43 +8.2 <0.001 0.54
Transferrin  3.61 2.90 3.65 3.68 2.83 2.32 3.17 3.13
<0.001 0.27
-g/L +0.77 +0.48 +0.49 +044 034 1026 =040 £0.39
sTfR — 40.3 33.4 41.8 40.9 24.3 20.7 22.5 21.7 0.007 0.30
nmol/L +12.0 +76 131 +140 +35 +42 +25 120 ' '
Epo — 17.7 13.6 13.8 21.3 8.0 7.6 7.7 7.2
miu/ml +92 +39 +47 +7.8 +28 +t40 124 121 0.016 0.015
Hepcidin — 2.1 38.5 1.5 2.1 17.2 85.5 7.3 14.6
ug/L +1.2 +289 +05 +1.0 226 546 +33 147 <0.001 0.30

Table 4-3. Haematological and iron parameters over the course of Study B

Values are means + SD. P-values for comparisons where statistically significant differences are

present appear in bold.
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Irrespective of iron status on enrolment, those randomised to receive iron showed a
significant increase in ferritin, serum iron, TSat and hepcidin; transferrin and sTfR fell
significantly. In the case of erythropoietin, the effect of IV iron differed according to iron
status, with a significant fall in erythropoietin in the ID participants given iron compared
with those receiving saline, in whom erythropoietin instead rose considerably. These effects

were not associated with any significant changes in [Hb].

4.4.3.3'P-MRS during small muscle mass exercise

The changes in [PCr] and pH during calf muscle exercise on the first study morning are
illustrated in Figure 4-11. All participants were able to complete the 3 W exercise bout, but
one IR participant ended the 4 W period early, and one ID and two IR participants ended
the 5 W period prematurely. PCr levels on the second study morning in the ID group are

illustrated in Figure 4-12, and those in the IR group, in Figure 4-13.

An analysis of the effect of iron status, workload, and iron infusion based on
monoexponential fitting of data from each recovery period is given in Table 4-4. For
individuals stopping work prematurely, recovery kinetics were modelled from cessation of
exercise. By chance, both [PCr] at end exercise and © were significantly different in
individuals randomised to receive iron, irrespective of iron status on enrolment.
Specifically, individuals receiving iron had depleted PCr less at end exercise and recovered
more quickly; these differences are evident from inspection of Figure 4-12 and Figure 4-13.
The only significant effect detected was of workload, with end exercise [PCr] and pH
tending to fall with successive bouts of exercise, and QMAX rise. No effect of iron status

was clearly evident, nor an effect of IV iron.

172



Chapter 4. Skeletal muscle metabolism
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Figure 4-11. 3'P-MRS data from the first study morning

(A) [PCr] and (B) pH during the calf muscle exercise protocol. [PCr] is expressed as a fraction of the
mean value during the initial 2-minute rest period. Data for the ID group are shown in red, and
those for the IR group in blue. The solid black bars indicate the 5-minute periods of plantarflexion
at 1 Hz. All participants completed the 3 W bout. During the 4 W bout, one IR participant ceased
exercise prematurely at the 1050-second point. During the 5 W bout, one ID participant ceased
exercise at the 1820-second point, and two IR participants ceased exercise prematurely, one at
the 1720-second point and the other at the 1775-second point. For illustrative purposes, recovery
data for participants unable to complete a given 5-minute exercise period are shifted to align with
cessation of exercise in the other participants; an ‘early recovery’ artefact is thus apparent in the
IR group near the end of the 4 W and 5 W bouts; values for the rest periods include data for all

participants. Values are 30-second means; error bars show SEM.
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Figure 4-12. PCr metabolism in the ID group on both study mornings

Data are for ID participants randomised to (A) iron and (B) saline. [PCr] is expressed as a fraction
of the mean value during the initial 2-minute rest period. Data for the first study morning are
shown in black, and those for the second morning in red. On the first study morning, during the
5 W bout, one ID participant randomised to receive iron ceased exercise prematurely at the 1820-
second point. For this participant, recovery data are shifted to align with planned cessation of
exercise. Otherwise all ID participants completed all exercise bouts. Though PCr depletion was
progressively more pronounced with increasing workload in both groups, it is evident that those
ID participants randomised to receive iron maintained a higher [PCr] during each exercise bout on

the first study morning. Values are 30-second means; error bars show SEM.
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Figure 4-13. PCr metabolism in the IR group on both study mornings

Data are for IR participants randomised to (A) iron and (B) saline. [PCr] is expressed as a fraction
of the mean value during the initial 2-minute rest period. Data for the first study morning are
shown in black, and those for the second morning in blue. On the first morning, one participant
randomised to receive saline ceased exercise at 1050 seconds during the 4 W bout, and two
stopped during the 5 W bout, one at 1720 seconds and the other at the 1775-second point. On
the second morning these latter two again ceased exercise during the 5 W bout, one at 1775
seconds and the other at the 1815-second point. For these participants, recovery data are shifted
to align with planned cessation of exercise. As for the ID group, those ID participants randomised
to receive iron maintained a higher [PCr] during each exercise bout on the first study morning.

Values are 30-second means; error bars show SEM.
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ID Group (n=13)

IR Group (n=13)

Iron (n=7) Saline (n=6)
i (o] i (o]
> > > >
© (1] (1] (1]
o a a a

Iron (n=7) Saline (n=6)
i (o] i (o]
3 & > z P-value (RM-ANOVA)
a o) o) a

[PCr] 0.72 0.74 0.57 0.62 0.74 0.73 0.60 0.53 Status — 0.99
3W +0.11 +0.10 #+0.15 +£0.23 +0.10 +0.09 £0.12 +£0.19 ’
Allocation — 0.024
[PCr] 059 061 045 047 068 0.63 044 0.44 Workload-<0.001
4W  +015 £0.18 #0.17 +022 %010 #0.12 *0.19 *0.22 pay & allocation —0.60
Day, status
[Pcr] 050 052 038 038 050 050 044 032 g alocation —0.48
5W +0.20 £0.21 +0.19 +£0.24 +£0.14 +0.18 +£0.20 +£0.23
pH 6.99 7.00 6.95 6.91 7.04 7.04 6.92 6.98 Status — 0.75
3W +0.13 +006 +0.16 +£0.25 £0.03 +0.04 £0.11 <+0.10
Allocation — 0.15
pH 692 694 690 68 698 697 6.86 688 Workload-<0.001
4W  £0.11 £0.11 £0.15 *0.24 *0.10 011 015 £0.07 pay & allocation —0.90
Day, status
pH 690 690 +6.88 687 695 690 687 686 g allocation—0.37
5W +0.09 +0.14 018 +0.24 +0.11 +0.14 +£0.14 +0.09
T 35 32 40 51 32 29 43 49 Status — 0.79
3W +14 +4 +14 +29 +16 +8 +16 +23
Allocation — 0.047
T 36 35 41 52 43 33 43 46  Workload —0.16
Day, status
T 40 35 45 50 45 41 45 47 & allocation — 0.34
5W +15 +9 +19 +19 +15 +14 +15 +19
QMAX 0.33 0.37 0.41 0.25 0.41 0.44 0.31 0.49 Status — 0.32
3W  +0.08 £0.18 £0.17 $0.07 $0.24 $0.17 $0.03 +0.37 '
Allocation —0.72
Quax 043 044 048 042 047 048 043 0.54 Workload-<0.001
Day, status
QMAX 0.43 0.51 0.46 0.36 0.53 0.52 0.38 0.59 g allocation — 0.08
5W +0.09 +0.24 +£0.12 +£0.07 £0.11 £0.18 +£0.09 +£0.30
Table 4-4. Parameters derived from monoexponential fitting of [PCr] recovery data

Values are given for (i) [PCr], phosphocreatine concentration at end exercise expressed as a

fraction of the resting level to which it subsequently recovered; (ii) pH at end exercise; (iii) T,

measured in seconds; and (iv) QMAX, measured in mM of ATP per second. Values are means % SD.

P-values for comparisons where statistically significant differences are present appear in bold.
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4.4.4. Large skeletal muscle mass exercise

4.4.4.1. Maximal CPET

Table 4-5 gives values for a number of parameters at the point of volitional fatigue during
the maximal CPET. None of these variables differed in a statistically significant way
according to iron status. All participants achieved a respiratory exchange ratio (RER) > 1

on both study mornings.

A statistically significant differential effect of IV iron on maximal power output was
detected, with the performance of ID individuals receiving iron tending to improve and the
performance of IR individuals receiving iron tending to worsen, but the size of this effect
was extremely small — of the order of only a one percent change. The only other effect
detected was for IV iron to increase the oxygen pulse (VO» divided by heart rate)
irrespective of iron status. The size of this effect was considerably larger — of the order of
a ten percent increase compared to individuals receiving saline. There was a trend for IV
iron to reduce minute ventilation (VE) at maximum power output irrespective of iron status

but this did not reach statistical significance (P = 0.10).

Data relating to lactate kinetics are presented in Table 4-6. None of these variables differed
according to iron status. Irrespective of iron status, individuals randomised to receive IV
iron showed an increase in lactate threshold however determined. The size of this effect
was in excess of a ten percent increase compared to individuals receiving saline. There was
also a trend for IV iron to reduce peak lactate irrespective of iron status, but this did not

reach statistical significance (P = 0.12).
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ID Group (n=13)

IR Group (n=13)

Iron (n=7) Saline (n=6) Iron (n=7) Saline (n=6)
Dayl Day2 Dayl Day2 Dayl Day2 Dayl Day2 P-value (RM-ANOVA)
Iron status — 0.49
Power 294 296 292 286 321 314 3.02 3.06 Day&allocation—-0.67
(W/kg) +£0.93 +0.90 *+0.67 +0.72 +0.49 +0.51 +0.51 *.55 pay, status
& allocation — 0.024
Iron status — 0.45
Vo2 380 380 390 361 413 414 39.6 39.3 Day&allocation—0.10
(mi/kg) +113 £109 +82 +83 7.7 +98 +47 +£56 Day,status
& allocation — 0.22
Iron status — 0.40
RER 1.15 116 1.14 114 115 112 112 1.12 Day&allocation—-0.84
+0.08 +0.09 *+0.07 *0.06 +0.05 *+0.02 +0.04 +0.06 Day, status
& allocation — 0.33
. Iron status — 0.74
VE )
(L/ke/ 1.65 159 160 164 183 180 151 1.56 Day&allocation—-0.10
mi:) +0.67 +0.66 +0.30 +0.22 +0.45 +0.45 *0.27 *0.31 Day, status
& allocation — 0.83
Oxygen Iron status — 0.50
pulse 0.199 0.207 0.212 0.205 0.220 0.230 0.215 0.208 Day & allocation —0.020
(ml/kg/ +0.05 +0.05 +0.05 +0.05 +0.05 +0.06 *0.03 *0.03 Day, status
beat) & allocation—0.91
Iron status — 0.37
RPE 186 183 180 17.8 19.0 189 183 185 Day&allocation-0.61
1.5 +1.1 +1.8 2.6 +1.0 +1.1 +1.0 +1.0 Day, status

& allocation — 0.82

Table 4-5. Variables measured at the point of volitional fatigue during the maximal CPET

P-values are given for (i) the effect of iron status, (ii) the interaction between day and allocation

(i.e. the effect of IV iron), and (iii) the interaction between day, status, and allocation (i.e. whether

the effect of IV iron differed according to iron status). No statistically significant effect of allocation

was detected for any CPET variable, in contrast to the 3!P-MRS experiments. RER, respiratory

exchange ratio; VE, minute ventilation; oxygen pulse is defined as Vo, divided by heart rate. P-

values for comparisons where statistically significant differences are present appear in bold.
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ID Group (n=13) IR Group (n=13)

Iron (n=7) Saline (n=6) Iron (n=7) Saline (n=6)

Dayl Day2 Dayl Day2 Dayl Day2 Dayl Day2 P-value (RM-ANOVA)

Iron status — 0.90
Peak 6.2 5.7 6.4 7.3 6.7 6.4 6.3 6.5
lactate

(mmol/t) 24 19 16 23 19 23 20 23 Daystatus
& allocation — 0.46

Day & allocation —0.12

I+
I+
I+
I+
I+
I+
I+
I+

Iron status — 0.24
Vo: lactate 20.6 23.0 225 22.7 249 28.0 24.0 24.0 Day & allocation — 0.039
threshold

(ml/kg) 69 80 69 76 63 69 47 49 Daystatus
& allocation — 0.72

I+
I+
I+
I+
+
I+
+
+

Iron status — 0.46

Work
lactate 136 154 170 162 181 198 158 157 p.. g allocation—0.002
threshold * * * * * * * i
059 066 063 070 048 040 0.69 068 Day status
(W/kg) & allocation — 0.52

Table 4-6. Venous lactate kinetics during maximal CPET

P-values are given for (i) the effect of iron status, (ii) the interaction between day and allocation,
and (iii) the interaction between day, status, and allocation. The peak lactate is that measured at
volitional fatigue. Lactate thresholds were determined with respect to both Vo, and power output.
No statistically significant effect of allocation itself was detected for any variable. P-values for

comparisons where statistically significant differences are present appear in bold.

4.4.4.2. Submaximal CPET

Physiological variables during the period of submaximal exercise on the first study morning
are illustrated in Figure 4-14. All participants completed the 20-minute period of exercise,
and both groups exercised at very similar levels of VO, close to the target of 65% of

V02MAX throughout.
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Figure 4-14. Submaximal CPET on the first study morning

Data for the ID group are shown in red, and those for the IR group, blue. VE and Vo, are expressed
as a fraction of the value at cessation of the preceding maximal CPET. Data for VE, Vo, and RER
are missing for one IR participant at the 10, 15 and 20-minute time points, and a single lactate
value missing for one ID participant at the 2-minute time point, due to technical issues. Values for

parameters other than [lactate] are means for the previous 30 seconds; error bars show SEM.
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The only variable with grossly different behaviour between groups during submaximal
exercise on the first study morning was venous [lactate], as shown in more detail in
Figure 4-15. In a mixed effects model, lactate fell significantly over the course of the rest
and submaximal exercise period (P < 0.001 for effect of time), but the rate of decline in
lactate was slower in the ID group (estimated shortfall in rate of net lactate clearance in ID

compared with IR: 2.6 mmol/L/h; 95% CI 0.8 — 4.4 mmol/L/h; P = 0.005).

7.0 1
—@— Iron replete —@— Iron deficient

Lactate (mmol/L)

*%

2.0 Exercise at 65% VO,MAX
1 1 T

-15 -10 -5 0 5 10 15 20
Time (minutes)

Figure 4-15. Venous lactate concentration following maximal CPET on the first study morning

The lactate value at -17 minutes was that determined at volitional fatigue during the preceding
maximal CPET. Following a 15-minute interval, participants returned to the cycle ergometer and
measurements of cardiorespiratory variables were made during two minutes of rest. A single
lactate value was missing for one ID participant at the 2-minute time point due to a technical issue.

Values are means; error bars show SEM. **, P < 0.01 for interaction of iron status and time.

The effect of IV iron infusion on cardiorespiratory variables on the second study morning

is illustrated for ID participants in Figure 4-16 and for IR participants in Figure 4-17.
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Figure 4-16. Submaximal CPET on both study mornings in the ID group

Data for the first day are shown in black, and those for the second, red. Squares represent
participants randomised to iron, circles saline. VE and Vo, values for both days are expressed
relative to maximal values on the first day. One participant randomised to iron became
presyncopal on return to the ergometer following the rest period on day 2 and did not perform
submaximal exercise; data from both days for this individual are excluded from this figure. Values

for parameters other than [lactate] are means for the previous 30 seconds; error bars show SEM.
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Figure 4-17. Submaximal CPET on both study mornings in the IR group

Data for the first day are shown in black, and those for the second, blue. Squares represent
participants randomised to iron, circles saline. VE and Vo, values for both days are expressed
relative to maximal values on the first day. Data on the first day for VE, Vo, and RER at the 10, 15
and 20-minute time points are missing for one participant randomised to receive saline due to a
technical issue. Values for parameters other than [lactate] are means for the previous 30 seconds;

error bars show SEM.
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Mixed effects modelling also indicated a significant interaction between iron status,
allocation, day and time; specifically, IV iron had an effect to accelerate net lactate
clearance only in the ID group (estimated increase in rate of net lactate clearance in ID

group given iron: 5.9 mmol/L/h; 95% CI1 0.7 — 11.0 mmol/L/h; P =0.028).

4.5. Discussion

4.5.1. Main findings

The main finding of Study B is of abnormal whole-body aerobic metabolism in iron-
deficient individuals in the absence of good evidence for a defect in mitochondrial oxidative
phosphorylation. When iron-deficient participants were exercised at 65% VO:MAX they
exhibited significantly impaired net lactate clearance compared with their iron-replete
counterparts. What this implies is that iron deficiency either impairs lactate disposal during
aerobic exercise or augments its production — or a combination of the two. This effect
cannot simply be explained by a marginally lower [Hb] in the ID group. For one thing, a
submaximal work rate was used that was tailored to the VO,MAX of each individual.
Moreover, following infusion of IV iron, the rate of net lactate clearance increased
significantly in iron-deficient participants in the absence of any increase in [Hb]. No effect

of IV iron on lactate kinetics during submaximal CPET was seen in iron-replete volunteers.

Maximal power output and VO,MAX determined during the incremental CPET to volitional
fatigue did not differ significantly according to iron status. Ever since the seminal work of
Hill and colleagues almost a century ago (Hill et al. 1924a, Hill et al. 1924b), physiologists
have been working to establish those factors that contribute most significantly to

determining VOaMAX. The argument boils down to whether it is oxygen delivery to the
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mitochondrion, or the ability of this organelle to consume oxygen, that is the liming factor.
Several authorities have concluded, based in part on observations regarding relationships
with CO and [HDb], that oxygen delivery is paramount (Richardson et al. 1999, Bassett and
Howley 2000, Saltin and Calbet 2006). However, mitochondrial volume density in the
skeletal muscle of humans (and other animals) is very closely related to VooMAX (Hoppeler
et al. 1973, Weibel and Hoppeler 2005), as is mitochondrial oxidative enzyme activity
(Costill et al. 1976, Blomstrand et al. 1997). In fact, a recent study reported that the
relationship between VOoMAX and muscle fibre oxidative capacity held for professional
cyclists, healthy untrained individuals and patients with CHF, with measured VO,MAX
being around 90% of mitochondrial oxidative capacity (van der Zwaard et al. 2016). These

observations support the notion of symmorphosis:

“The allometric variation of maximal metabolic rate is directly related
to the scaling of the total effective surfaces of mitochondria and
capillaries...the scaling of maximal metabolic rate is determined by the
energy needs of the cells active during maximal work. The vascular
supply network is adapted to the needs of the cells at their working limit.
We conjecture that the optimization of the arterial tree by fractal design

is the result rather than the cause...” (Weibel and Hoppeler 2005)

The relevance of this to the present study is that the absence of impairment in VO;MAX or
maximal power output during CPET in iron-deficient individuals is as would be expected
given the absence of a defect in mitochondrial oxidative phosphorylation during *'P-MRS
of exercising calf muscle. That absolute values for VO,MAX and maximal power output
during CPET were slightly lower in ID participants may, though, be explained by the

marginally lower [Hb].
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The difference in lactate kinetics during submaximal exercise might reasonably be
interpreted as indicating that for iron-deficient participants, 65% VO:MAX represented a
level of exertion closer to the lactate threshold than was the case for iron-replete individuals,
or even above it in some cases. The question therefore arises as to why no difference was
detected in lactate threshold during the maximal CPET (Table 4-6). In fact, it can be seen
that in terms of V0o, the lactate threshold occurred on the first study day at a mean of 55.7%
VO:MAX in the ID group, and 60.2% V0>MAX in the IR group. In terms of power output,
the lactate threshold occurred on the first study day at 50.0% maximal power output in the
ID group and 53.5% maximal power output in the IR group. These differences did not reach
statistical significance, but they are certainly of a size consistent with clinical significance;

within group heterogeneity was high, which may have led to a type Il error.

Interestingly, irrespective of iron status, administration of IV iron led to a sizeable increase
in the lactate threshold during the incremental CPET whether assessed by V02 or power
output. Why, then, was no difference detected in lactate kinetics during submaximal
exercise in iron-replete individuals given iron? The explanation may be that because the IR
group were generally exercising further below their lactate thresholds than the ID group,

lowering the threshold further did not translate into a detectable effect.

Another finding of interest is of an increased oxygen pulse, irrespective of iron status, at
V02MAX, following IV iron infusion. This parameter is an index of stroke volume in healthy
individuals (Stringer ef al. 1997) and finds clinical utility in identifying the onset of
myocardial ischaemia — which is associated with a plateau or fall in SV — in patients with
suspected flow-limiting coronary artery disease (Belardinelli et al. 2003, Chaudhry et al.
2009). A final observation of note is the suppression of serum erythropoietin in the iron-

deficient participants given IV iron. This occurred before any increase in [Hb], and
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effectively confirms the suspicion in Study A that iron deficiency acts directly to elevate

circulating erythropoietin levels.

4.5.2. Advances over previous studies

The main strength of the present study lies in the combination of three features. First, the
dual assessment of metabolism using *'P-MRS of a small muscle mass and whole body
exercise in the same individual. Secondly, the use of a high dose of IV iron in a double-
blind manner. Thirdly, recruitment of individuals with profound iron deficiency in the
absence of marked anaemia, with repeated assessment following administration of IV iron

but prior to any change in [Hb].

In comparison, no previous study has used both CPET and *'P-MRS; the majority have
employed CPET, being primarily concerned with the improvement in athletic performance
following iron supplementation. To this author’s knowledge, only one small study has
previously used *'P-MRS to investigate the effects of iron status in humans, and this
recruited a small, highly heterogeneous group of anaemic hospital-inpatients (Thompson et
al. 1993b). The dose of IV iron used in Study B was twice that employed in the study of
elite athletes discussed earlier (Burden et al. 2015b), making it exceedingly unlikely that
an inadequate dose could have led to a significant effect on high energy phosphate

metabolism being missed.

Any study that uses oral iron supplementation inevitably suffers from several significant
drawbacks. The bioavailability is variable and absorption confounds the findings. It is
impossible adequately to blind participants since those receiving iron invariably note dark
stools with or without unpleasant gastrointestinal symptoms (Tolkien et al. 2015). Oral iron

must be given for such a length of time that [Hb] unavoidably rises significantly by the time
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tissue iron stores have increased. Indeed, given that iron will preferentially be directed to
erythropoiesis if IDE is present, it is almost inevitable that with oral iron therapy [Hb] will

climb in advance of a significant correction of the iron deficiency in other tissues.

4.5.3. Limitations

4.5.3.1. Technical considerations

A graphical representation of the window onto skeletal muscle metabolism that is provided
by *'P-MRS is given in Figure 4-7. The literature arguing the finer points of how best to
interrogate skeletal muscle biology with this technique is enormous (Kemp and Radda
1994, Kushmerick 1995, Jeneson et al. 1997, Kemp et al. 2015) and largely irrelevant to
the present study, since evidence of a large effect on mitochondrial function akin to that
seen in CP patients (Figure 4-1) was absent. Of note though, pH may influence PCr
recovery kinetics, so the suggestion of a lower cytosolic pH at all workloads in the iron-
deficient participants is a concern, though the absolute differences, if real, appear to be
smaller than those that would be required to confound significantly the findings (Kemp e?
al. 2015). Much of this effect results from the fact that hydrolysis of PCr consumes, and
PCr resynthesis generates, H'". This accounts for the sharp rise in cytosolic pH with the
onset of calf muscle exercise evident in Figure 4-11, and also the somewhat counterintuitive

initial fall in pH at cessation of each plantarflexion exercise bout.

One other issue that should be considered is whether the reproducibility of the technique is
such that it compromised the ability of the study to detect a small effect. Using experimental
apparatus very similar to that in Study B, Edwards et al. reported in trained male subjects
that whilst measures of resting phosphorus metabolites were generally reproducible,
exercise data were less reliable. For example, during exercise, PCr had a coefficient of

variation of 27%, and that for PCr half-time was 40% (Edwards et al. 2012).
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Finally, venous [lactate] was measured in Study B rather than arterial [lactate]. Some argue
that arterial sampling is preferred, since with the venous approach the particular vascular
bed drained may be a net consumer or producer of lactate, such that [lactate] varies with
the site of sampling (Goodwin et al. 2007). Whilst this is true, repeated arterial sampling
would have necessitated placement of an indwelling arterial catheter, which would likely
have been too invasive to be acceptable for many participants. In any event, participants
had a cannula placed in a large upper limb vein at similar sites, and the same site was used
on both study days in a given participant. Venous [lactate] determined from upper limb
blood sampling during lower limb exercise, as in our participants, has been shown to
correlate very well with arterial [lactate] (Nordrehaug ef al. 1991). Thus, the difference in
the kinetics of net lactate clearance between groups on the first study day, and the
differential response to IV iron, cannot conceivably be attributed to the measurement

technique adopted.

4.5.3.2. Sex of participants

It proved very difficult to recruit iron-deficient males to the present study. Whist iron
deficiency is recognised to be far more common in women, the reasons for this difficulty
are not entirely clear, since the recruitment methods and entry criteria were near identical
to those for Study A, to which male recruitment was satisfactory. The men that did volunteer
for the present study were almost invariably not sufficiently iron deficient to meet the entry
criteria. The mean age of participants in Study B was somewhat lower than in Study A,
suggesting perhaps that the latter was more attractive to older volunteers and the former,
younger volunteers, possibly because of the exercise component involved. If iron
deficiency in men were to become more common with age, which is possible, this could

explain the greater ease with which men were enrolled to Study A.
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Whatever the origin of the difficulty, the result is that the present study includes only a pair
of men compared with twelve pairs of women. Though it seems highly unlikely that men
and women could differ fundamentally with respect to mitochondrial oxidative
phosphorylation and aerobic exercise physiology, this paucity of male participants must be

acknowledged when considering the generalisability of the results.

4.5.3.3. Heterogeneity of participants

The range of VO:MAX values for participants in the current study was quite marked, and
this heterogeneity may have made it more difficult to detect baseline difference between
the ID and IR groups, particularly in the lactate thresholds during maximal CPET. Though
participants were nominally matched for exercise habits, behaviours in this respect were,
as would be anticipated with such a range of VO:MAX values, heterogeneous, with some
participants exercising for only an hour a week and others ten times this amount. One
strategy to overcome this issue would have been to recruit exclusively trained individuals.
If we consider the study by Burden and colleagues, for example, we find a mean VO:MAX
of 73 ml/kg/min, and SD of 4.8 ml/kg/min, for their participants receiving IV iron (Burden

et al. 2015b); clearly a much fitter and more homogenous group than in Study B.

However, there are real disadvantages to this strategy. Trained individuals are not
representative of the ‘healthy’ general population, and there may be effects of athletic
training on iron homeostasis that make this group unattractive for a physiological study of
iron and metabolism. A frequently encountered view in the exercise literature is that
increased hepcidin following exercise (Peeling ef al. 2014) contributes to iron deficiency
in this population. Another — not mutually exclusive — possibility, is that athletes partition
iron differently in some way. It may be that case that there is abundant iron to be found

within skeletal muscle in trained individuals who, as a consequence, have serum ferritin

190



Chapter 4. Skeletal muscle metabolism

levels that in untrained individuals would be taken to indicate iron deficiency. Such a
phenomenon effect might explain why Burden et al. found no effect on exercise outcomes
of interest using 500 mg IV ferric carboxymaltose in trained men and women with serum
ferritin values < 30 pg/L and <20 pg/L, respectively (Burden et al. 2015b). Values for TSat
(~ 30 %), transferrin (~ 2.6 g/L) and sT{R (~ 21 nmol/L) were not dissimilar in that study
to those in the healthy IR groups in both Study A and Study B. This observation rather
suggests that the trained participants in that study did not have iron deficiency as this author

would understand it.

In order to avoid the sort of issues that might arise if a group of more ‘consistent’ fitness
were to be recruited, the only way to overcome the problem of heterogeneity of fitness

would have been to increase the sample size.

4.5.3.4. Haemoglobin concentration

As in Study A, [Hb] in the ID group was slightly lower than that in the IR group, and again
it must be considered whether this difference could have confounded the findings. In the
case of the MRS data, the small muscle mass exercise used is likely to have been effectively
independent of oxygen delivery (Formenti ef al. 2010). More importantly, though, because
in Study B participants were randomised to receive iron or saline, and no changes in [Hb]
had occurred by the time of the second study visit, we can be confident that the effects seen
are not haemoglobin mediated. As already mentioned, the absolutely lower VOMAX and

power output in the ID group may, though, be accounted for by this difference.

As an aside, it might be asked why [Hb] had not increased by the time of the second study
day in ID participants given iron. The answer may be that at this level of IDE, the stimulus

is not as great as with more marked anaemia, in which setting the typical rise in [Hb]
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following IV iron has been reported in a meta-analysis to be just over 1 g/dl at one week
(Moore et al. 2011). In support of this possibility, in a group of patients with an [Hb] of
9.2-11.9 g/dl, anaemia had not yet improved significantly 8 days after administration of IV

iron (Lyseng-Williamson and Keating 2009).

4.5.3.5. Haematological parameters over the course of the study

The recruitment strategy and definitions of ID and IR adopted again performed very well
insofar as two groups were generated that upon enrolment differed very significantly with
respect to iron status, despite the absence of marked anaemia in the ID group. As in
Study A, it was notable that in the ID group serum iron — and therefore TSat — was higher
on the first study day than it had been at the screening visit, though this effect was less

marked. Reasons for this phenomenon have already been considered in Chapter 2.

4.5.4. Underlying mechanisms

In 1924, Otto Warburg described the tendency of neoplastic cells to metabolise glucose to
lactate irrespective of the availability of oxygen to support oxidative metabolism (Warburg
1924). Though in some ways this could be seen as metabolically inefficient, it is in fact a
property of healthy proliferating cells, and contemporary studies suggest that it may be
explained by a beneficial effect in promoting the uptake and assimilation of nutrients

(Vander Heiden et al. 2009).

In Study B, our iron-deficient human participants effectively behaved in a Warburg-like
manner; apparently having a greater preference to metabolise carbohydrate to lactate during
aerobic exercise than their iron-replete counterparts. This is the opposite effect to that which
has been described in endurance athletes, who seem to exhibit downregulation of the HIF

pathway (Lindholm ef al. 2014), and in animals with tissue-specific deletion of skeletal
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muscle HIF-1a (Mason et al. 2004). Just as in Study A, it cannot be proved from this human
physiology study that iron deficiency is acting through the HIF pathway to promote
glycolysis, but collectively these observations strongly imply this to be the case. That IV
iron supplementation altered this behaviour over the course of days further suggests an
action via HIF — or other iron-sensitive transcription factor pathways — to alter the activity

of glycolytic enzymes.

With respect to the observed increase in oxygen pulse with IV iron administration, an action
of iron to increase SV might be explained by improved diastolic LV filling, an increase in
ejection fraction, or a combination. It is known that as exercise intensity increases, LV
diastolic volume increases and compliance decreases (Sullivan ef al. 1991), at least in part
due to competition with the RV for limited space within the inelastic pericardium (Reeves
et al. 1990). The magnitude of this effect is attested by studies of pericardectomy in
animals, in which both SV and VO:MAX increase considerably after surgery (Stray-
Gundersen et al. 1986, Hammond et al. 1992). It may be the case that at maximal exercise
a fall in Sy02 promotes HPV, raising PVR and therefore RV afterload, thus compromising
LV diastolic filling. It is certainly true that particularly fit individuals show greater
increases in PASP during exercise (Bossone et al. 1999) perhaps in part related to enhanced

oxygen extraction by exercising skeletal muscle and consequently a lower Sy0> (Van

Thienen and Hespel 2016).

However, in euoxic conditions, pulmonary vasodilators have been found not to affect
maximum power output or VOoMAX (Hsu et al. 2006, Naeije et al. 2010), which would
argue against IV iron administration increasing SV via an action on the pulmonary
vasculature. Having said this, pulmonary vasodilators tend to increase systemic venous

return, potentially counteracting any decrease in afterload obtained through a decrease in
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PVR (Naeije and Chesler 2012). Iron might not have such an effect since it is not a
conventional pulmonary vasodilator; rather as we have seen it is an HPV-inhibitor. Notably,
Cheng found that a dose of iron similar to that used in the present study did indeed have an
effect to reduce the increase in PASP seen during exercise in a group of individuals older
than 50 years (Cheng 2015). In the absence of any invasive or echocardiographic
measurements of haemodynamic parameters in the present study, though, it is difficult to
reach firm conclusions regarding a mechanism for this finding. One final possibility is that
the increase in oxygen pulse in fact reflects increased tissue oxygen extraction rather than

increased SV, though it is not obvious how such an action would be brought about.

4.5.5. Clinical implications of findings

However the effect of iron deficiency on human metabolism is mediated, an action to
promote glycolysis and augment lactate production is likely to be of very considerable
clinical significance. A thorough review on the subject of exercise, lactate and the anaerobic

threshold, now two decades old, articulates very clearly why this is the case:

“The point at which lactate begins to accumulate in the blood, causing
an increase in ventilation, is important to document clinically.
Irrespective of the underlying mechanism or specific model that
describes the process, the physiologic changes associated with lactate
accumulation  have significant import for cardiopulmonary
performance. These include metabolic acidosis, impaired muscle
contraction, hyperventilation, and altered oxygen kinetics, all of which
contribute to an impaired capacity to perform work. Thus, any delay in
the accumulation of blood lactate which can be attributed to an
intervention...may add important information concerning the efficacy of

the intervention.” (Myers and Ashley 1997)
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Thus, the apparently lower anaerobic threshold in iron-deficient but otherwise healthy
individuals, and the effect of IV iron to delay lactate accumulation irrespective of iron
status, both suggest that a mechanism by which iron deficiency may be deleterious in
cardiopulmonary disease, and iron supplementation helpful, involves an effect on skeletal

muscle metabolism.

The relevance of these findings specifically to COPD is considered in the next chapter.
Revisiting the seminal study by Anker and colleagues of IV iron in patients with CHF,
though, we see that dyspnoea — as measured by New York Heart Association class —
improved significantly in those patients given iron (Anker et al. 2009). That is, patients
tended to be less breathless at a given level of exertion; 6-minute walking distance (6MWD)
also rose in the group given iron. Interestingly, in a study of patients with IPAH, it was
reported that whilst peak V0> was entirely unchanged with administration of IV iron (mean
0.97 £ 0.22 L/min before vs 0.97 + 0.26 L/min after), the anaerobic threshold rose
significantly and patients were able to exercise at 75% of peak VO, for over 50% longer
than prior to receiving iron; there was also a trend for 6MWD to improve (Ruiter et al.

2015).

The findings from this latter study reinforce a key message of Study B, that viewing
VO,MAX as the key outcome of interest risks missing important physiological effects that
are of clinical relevance. It is clear that VO.MAX is a very useful indicator of
cardiopulmonary fitness, and predicts, for example, the likelihood of morbidity and
mortality following major surgical procedures (Stringer et al. 2012, Levett and Grocott
2015). However, it seems unlikely that patients with chronic cardiopulmonary disease
spend much of the average day at, or even close to, VOoMAX. Endurance at a given workload

may well be of more importance from the perspective of the patient when considering the
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impact on the individual’s activities of daily living. Returning to the analysis of Myers and

Ashley, we see that this is also a point that has been made previously:

“A substantial body of evidence is available demonstrating that lactate
accumulation occurs later (shifting to a higher percentage of Vo;MAX)
after a period of endurance training. In athletes, the level of work that
can be sustained prior to lactate accumulation, visually determined, is
an accurate predictor of endurance performance. Presumably, these
concepts have implications related to vocation/disability among
patients with cardiovascular and pulmonary disease...”

(Myers and Ashley 1997)

As this quote implies, athletes expend very considerable time and energy attempting to raise
both their VO,MAX and lactate threshold, and a sizeable literature exists surrounding the
best strategy to achieve this. Thus, Study B may also have implications for individuals
interested in optimising athletic performance. The findings imply that the pseudo-hypoxic
signal of iron deficiency in humans does not seriously impair skeletal muscle mitochondrial
function, but does promote a metabolic phenotype that may be deleterious to endurance
exercise. Supplementing iron might downregulate anaerobic glycolysis and provide a

stimulus for oxidative metabolism, which could therefore be advantageous:

“Runners appear to set a race pace which allows the utilization of the
largest possible Voz which just avoids the exponential rise in plasma

lactate.” (Farrell et al. 1979)

Conversely, it is even conceivable that in physically fit individuals, some degree of NAID
might improve performance in events that rely entirely upon anaerobic energy provision,

such as sprinting.

196



Chapter 4. Skeletal muscle metabolism

4.6. Conclusions

Study B appears to exclude a clinically meaningful direct effect of iron deficiency on
mitochondrial oxidative phosphorylation in otherwise healthy individuals. Additionally, it
suggests a significant effect of iron deficiency to promote glycolysis by exercising skeletal
muscle under aerobic conditions. Given what is known regarding the processes that regulate
skeletal muscle metabolism, these observations are in keeping with an effect mediated at

least in part by an action on the HIF pathway.

197



Chapter 5. Iron deficiency in chronic

obstructive pulmonary disease

5.1. Introduction

So far this thesis has considered the consequences of iron deficiency for individuals who
are otherwise healthy. Abnormalities have been demonstrated in the pulmonary vascular
response to hypoxia, and skeletal muscle exercise physiology. It has been argued that these
findings may be of relevance to the association of iron deficiency with adverse outcomes
in the setting of cardiopulmonary disease, reflecting a deleterious upregulation of hypoxia-

sensing pathways by iron deficiency.

Chronic obstructive pulmonary disease is the name given to a spectrum of chronic lung
diseases, including those that would previously have been termed chronic bronchitis and

emphysema. In view of the physiological consequences of iron deficiency demonstrated in
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previous chapters, COPD is of particular interest since hypoxaemia, PH, and skeletal
muscle dysfunction are all features of the disease. The final question that shall be addressed

by this thesis is whether iron deficiency plays a role in COPD.

5.1.1. Historical aspects

Many early reports of patients suffering from what we would today term COPD are to be

found in the literature (Figure 5-1).

Figure 5-1. Early photograph of a 49-year-old male with “severe pulmonary emphysema”

The increased anteroposterior diameter of the thorax from chronic airflow obstruction is clearly
evident. The patient also appears cachectic. Reproduced with permission from (Scott 1920).

Copyright® (1920) American Medical Association. All rights reserved.
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Such reports typically describe well the clinical features of severe, untreated disease:

“His complaint was shortness of breath and cough. Inspection showed
the typical emphysematous thorax, with cyanosis of the face and
hands...The patient was apparently having much difficulty in ventilation,
and expiration lasted about three times as long as inspiration.”

(Scott 1920)

The term chronic obstructive pulmonary disease first appeared in the 1960s (Briscoe and
Nash 1965) and has become established as the description of choice for a collection of
related lung conditions (Petty 2006). Traditionally, a distinction was drawn between

emphysema and chronic bronchitis. The former was described in histopathological terms:

“Emphysema is a condition of the lung characterized by increase beyond
the normal in the size of air spaces distal to the terminal bronchiole
either from dilatation or from destruction of their walls.”

(Fletcher et al. 1959).
The latter, in contrast, had a cl/inical definition:

“Chronic bronchitis is a clinical disorder characterised by excessive
mucous secretion in the bronchial tree. It is manifested by chronic or
recurrent productive cough. Arbitrarily, these manifestations should be
present on most days for a minimum of three months in the year, and
for not less than two successive years.”

(American Thoracic Society 1962)

Some authors stressed the importance of nosology in chronic lung disease in the period
during which the terminology we use today was beginning to evolve (Scadding 1963).
Unfortunately, it is clear that there are still shortcomings in the approach taken today,

including conflation of the definition of, and the diagnostic criteria for, COPD (Snider
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2003). Further discussion of this issue would not be germane to this thesis. However, it is
important to recognise that, in addition to representing a false dichotomy, neither the
description of emphysema nor that of chronic bronchitis is based on any physiologic
criteria. On the other hand, there may be considerable disadvantages of the use of an
umbrella term such as COPD to describe what are in reality a number of somewhat different

diseases with some shared features (Lynch et al. 2015, Woodruff et al. 2015).

The Global Initiative for Chronic Obstructive Lung Disease (GOLD) was formed in 1998
with the aim of promoting COPD awareness and improving prevention and treatment of
the condition. An initial consensus report — the Global Strategy for the Diagnosis,
Management, and Prevention of COPD — was produced in 2001 (Pauwels et al. 2001) and
subsequently revised five years later (Rabe et al. 2007). The 2011 update (Vestbo et al.
2013) is current at the time of writing. These documents have sought methodically to
examine the evidence relating to the definition, diagnosis and management of COPD, and

it is the recommendations set out by GOLD that shall be followed here.

5.1.2. Definition, aetiology and pathogenesis of COPD

The symptoms of COPD include chronic progressive dyspnoea, wheeze and cough, which
may be productive. Patients experience episodic acute worsening of these symptoms,
termed exacerbations, which are disabling, may necessitate hospital admission, and appear

to drive disease progression (Hurst ef al. 2010, Tanabe ef al. 2011, Halpin et al. 2012).

The pathogenesis is extremely complex, but can be understood as an injurious sequence
involving initiation, progression, and consolidation of pulmonary tissue damage. Oxidative
stress, inflammation, extracellular matrix proteolysis, and apoptotic and autophagic cell

death interact in such a way that the initial injurious stimulus leads to self-propagating
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processes (Tuder and Petrache 2012). In Westernised countries, exposure to cigarette
smoke is the commonest initiating factor, though a significant minority of patients with
COPD are non-smokers (Tan et al. 2015); in these individuals the initiating factor may be
an industrial or infectious exposure, or another lung disease such as asthma. The definition

of COPD in the most recent iteration of the GOLD guidance provides a summary:

“COPD...is characterised by persistent airflow limitation that is usually
progressive and associated with an enhanced chronic inflammatory
response in the airways and the lung to noxious particles or gases.
Exacerbations and comorbidities contribute to the overall severity in
individual patients. The chronic airflow limitation characteristic of COPD
is caused by a mixture of small airways disease (obstructive
bronchiolitis) and parenchymal destruction (emphysema), the relative
contributions of which vary from person to person. Chronic
inflammation causes structural changes and narrowing of the small
airways. Destruction of the lung parenchyma, also by inflammatory
processes, leads to the loss of alveolar attachments to the small airways
and decreases lung elastic recoil; in turn, these changes diminish the
ability of the airways to remain open during expiration.”

(Vestbo et al. 2013)

The cellular interactions underlying the pulmonary pathology in COPD are illustrated in
Figure 5-2. Though the primary site of injury is the lung, it is increasingly recognised that
the extrapulmonary features of COPD are extremely important in contributing to morbidity
and mortality. These include exercise intolerance, skeletal muscle dysfunction,
osteoporosis, psychiatric disorders (such as anxiety and depression), and cardiovascular
disease (Decramer et al. 2008, Fabbri et al. 2008). Whether it is correct to think of all these

complications as extrapulmonary features of COPD, as opposed to comorbidities, is a
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matter of debate. Cardiovascular disease risk, for example, may be increased by the chronic

inflammation arising in COPD, as well as the shared aetiological factor of tobacco smoke.
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Figure 5-2. Cellular interactions and signalling molecules in the pathogenesis of COPD

Injurious stimuli activate epithelial cells and macrophages, which release chemotactic factors
recruiting inflammatory cells. These secrete proteases degrading elastin; neutrophil elastase also
promotes mucus hypersecretion. Transforming growth factor-B (TGFB) stimulates fibroblast
proliferation, causing small airway fibrosis. CCL2, CC-chemokine ligand-2; CCR2, CC-chemokine
receptor-2; CXCL, CXC-chemokine ligand; MMP9, matrix metalloproteinase-9. Tc1, type 1 cytotoxic

T-cell; Tul, type 1 helper T-cell. Reproduced with permission from (Barnes 2008).
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Recognition that COPD is not simply a disease the manifestations of which are confined to
the lungs is vital when considering how iron deficiency may influence the natural history
of the condition. For instance, iron deficiency could be particularly disabling if it were
adversely to affect skeletal muscle function independently of any pulmonary effects. Some
have gone so far as to propose that the pathogenesis of COPD be considered in terms of a
network connected by the vasculature, with the lungs as an “external sensor” generating
“danger signals”, the endothelium as an “internal sensor” and potential target tissue, and
bone marrow and adipose tissue as key effector tissues producing both inflammatory and
repair signals (Agusti et al. 2013). Irrespective of the conceptual framework adopted, a
general effect of iron deficiency on hypoxia-sensitive pathways could clearly have a

number of possible anatomical sites of action in the condition.

5.1.3. Diagnosis of COPD

There are four GOLD core recommendations (Vestbo ef al. 2013) regarding the diagnosis

of COPD (FVC, forced vital capacity):

(i) A clinical diagnosis of COPD should be considered in any patient
who has dyspnoea, chronic cough and/or sputum production,

and a history of exposure to risk factors for the disease.

(ii) Spirometry is required to make the diagnosis in this clinical
context; the presence of a post-bronchodilator FEV1/FVC less
than 0.70 confirms the presence of persistent airflow limitation

and thus of COPD.
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(iii) The goals of COPD assessment are to determine: (1) the impact
of the disease on the patient’s health status, (2) the severity of
airflow limitation, and (3) the risk of future exacerbations, in
order to guide therapy. The risk of future exacerbations is
estimated by the severity of airflow limitation and the history of

previous exacerbations.

(iv) Comorbidities, including cardiovascular disease, skeletal muscle
dysfunction, metabolic syndrome, osteoporosis, depression, and
lung cancer, occur frequently in patients with COPD.
Comorbidities should be actively looked for, and treated

appropriately if present.

It is of note that the justification in the guidance for the spirometric definition provided in
point (ii) is not pathophysiological, rather it is defended as being simple and independent
of reference values, such that it is convenient for a “busy nonspecialist clinician”. Indeed,
discussions of the utility of spirometry in COPD appear frequently to reach the conclusion
that though its limitations are numerous, it is the “best available tool” (Doherty 2008). In
patients meeting this arbitrary spirometric criterion who are also felt on clinical grounds to
have COPD, the severity of the disease is further classified based on the severity of airflow

limitation (Table 5-1).

FEV1 (% predicted) Severity of airflow limitation Classification
> 80 Mild GOLD 1
51-80 Moderate GOLD 2
31-50 Severe GOLD 3
<30 Very severe GOLD 4

Table 5-1. GOLD classification of COPD severity based on airflow obstruction (Vestbo et al. 2013)

The values are those obtained after the patient has taken any appropriate bronchodilator therapy.
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5.1.4. Hypoxaemia

The pathophysiological importance of hypoxaemia in COPD is attested by two seminal
studies that demonstrated the utility of long-term oxygen therapy (LTOT) as a treatment
when the condition is complicated by chronic arterial hypoxaemia. The potential utility of
correcting hypoxaemia with supplemental oxygen had been recognised previously (Levine
et al. 1967), but these were the first well-controlled studies of oxygen as a therapy, and led

to a widespread change in practice.

The first, a multicentre North American study of 203 patients followed for at least a year,
randomly allocated individuals either to continuous oxygen therapy or to 12 hours per day
of nocturnal oxygen therapy. Mortality in the nocturnal oxygen therapy group was almost
twice as high as that in those randomised to continuous therapy (Noctural Oxygen Therapy
Trial Group 1980). The second, a smaller multicentre UK study of 87 patients, randomly
allocated participants either to 2 L/min nasal oxygen for at least 15 hours per day, or to
usual care. Over a follow-up period of several years, LTOT was found to reduce mortality
significantly (Medical Research Council 1981) (Figure 5-3). Many of the patients in these
two studies had evidence of PH and consequent RVF, indeed the latter was a prerequisite

for enrolment into the Medical Research Council study.

More recent studies have confirmed that stable hypoxaemia severe enough to merit therapy
with LTOT is an adverse prognostic factor (Martinez et al. 2006). Similarly, severity of
hypoxaemia on admission to hospital with an acute exacerbation of COPD (AECOPD) was
identified as a predictor of poor outcome in a systematic review of 37 studies involving

nearly two hundred thousand patients (Singanayagam et al. 2013).
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Figure 5-3. Mortality in COPD patients in the Medical Research Council study of LTOT

(A) Data for males. Smoothed curves indicate expected survival from 500 days using an annual
mortality risk in the control group (n=33) of 29.4% and in the LTOT group (n=33) of 11.9%. (B) Data
for females. Smoothed curves indicate expected survival from commencement of the study using
an annual mortality risk in the control group (n=12) of 36.5% and in the LTOT group (n=9) of 5.7%.

Adapted from (Medical Research Council 1981) with permission.

Despite its clear importance in the condition, the prevalence of hypoxaemia in COPD is
uncertain, and reported rates vary considerably between studies. For example, in a trial of
the bronchodilator tiotropium bromide in nearly six thousand patients with predominantly
GOLD stage 2 and 3 disease, only just over two percent were using any form of
supplemental oxygen therapy at enrolment (Tashkin et al. 2008). On the other hand, a study
of over six hundred patients with predominantly GOLD stage 3 and 4 disease reported over
eighty percent to be using some form of oxygen therapy (Martinez et al. 2006). However,
the use of prescription of oxygen therapy as an index of hypoxaemia is not ideal, since
factors other than arterial oxygen tension may influence decisions regarding provision of

oxygen in clinical practice, and physician behaviour may vary across healthcare systems.
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West has extensively investigated and very clearly described the fundamental mechanisms
that underlie the development of hypoxaemia in lung disease (West 2011a). He recognises
four distinct mechanisms causing hypoxaemia: (i) Va/Q inequality, (ii) shunt, (iii) diffusion
impairment, and (iv) hypoventilation. Several or all of these may operate in a single

condition, and the relative contributions may vary between patients with the same disease.

5.1.4.1. Ventilation-perfusion inequality and shunt

Attempts have been made to measure the distributions of Va and Q in vivo using the
multiple inert gas elimination technique (MIGET) (Wagner et al. 1974b, Wagner et al.
1974c). Briefly, several gases of differing solubilities are allowed to equilibrate in solution
and then infused intravenously. Once a steady state has been established, the concentrations
in mixed arterial blood and mixed expired gas are determined. The curves relating arterial
concentration and expired concentration to solubility are then transformed into an almost
continuous distribution. The technique has not escaped criticism; Olszowka pointed out
soon after MIGET was described that, theoretically, a number of considerably different
distribution patterns could produce indistinguishable elimination data (Olszowka 1975).
Subsequently, it was argued that the limit of resolution using MIGET was likely to be only
three perfused compartments: shunt and two alveolar compartments — a tripartite
distribution (Lee ef al. 1987), rather than the 49 compartments that West and Wagner had

envisaged.

Notwithstanding these limitations, examination of data derived using MIGET is helpful
conceptually when considering the mechanisms that lead to arterial hypoxaemia. If this
technique is applied to a healthy human breathing air, the distributions of Va and Q are
seen to be very well matched (Figure 5-4). There are no regions that are poorly perfused

despite adequate ventilation, nor are there any regions that are perfused in the absence of
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significant ventilation. When at its most extreme, this latter phenomenon is referred to as
‘shunt’, that is, the perfusion of a totally unventilated lung region (Va/Q = 0). The effect is
identical to that seen when blood passes right-to-left through an intracardiac defect, or a

pulmonary arteriovenous malformation.
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Figure 5-4. Typical distribution of ventilation-perfusion ratios in a healthy young individual

Data were obtained using MIGET in a 22-year-old man. Such a distribution is described as

lognormal, with small dispersion. Adapted from (Wagner et al. 1974a) with permission.

Considering now the abnormal lung, ventilation-perfusion inequality could take one of two
forms, which will have different clinical manifestations. Figure 5-5A illustrates the scenario
in which a significant proportion of lung units are perfused in the absence of appreciable
ventilation, whilst Figure 5-5B illustrates the converse, where a significant number of well-
ventilated but poorly perfused regions exist. In the former case, hypoxaemia would be

anticipated to be severe, as a significant proportion of pulmonary blood flow will escape
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effective oxygenation. In the latter case, hypoxaemia would not be anticipated to be so
severe, but the physiological dead space will be considerably increased. These two forms
of Va/Q inequality may also coexist (Figure 5-5C). These distributions are not theoretical;

all the data in Figure 5-5 were in fact derived from patients with COPD.
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Figure 5-5. Pathological distributions of ventilation-perfusion ratios

(A) Perfusion of a significant proportion of lung regions that are poorly ventilated (Va/Q = 0.01-
0.1). (B) Ventilation of a significant proportion of lung units that are poorly perfused (Va/Q around
10); there is also a small shunt in this case (approximately 20 ml/min). (C) Coexistence of both
types of Va/Q inequality. The three patients from whom these data were obtained all suffered

from COPD. Adapted from (Wagner et al. 1977) with permission.

Of course, to think exclusively in these terms ignores the physiological responses that occur
to resist changes in arterial oxygen and carbon dioxide tensions. These act to mitigate the
effects of pathological V/Q inequality, though for reasons that shall be discussed they are

insufficient completely to correct hypoxaemia and hypercapnia in COPD.
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Ventilation-perfusion inequality appears to be the main mechanism causing hypoxaemia in
COPD (Wagner et al. 1977, Sandek et al. 2001a), arising due to the progressive destruction
of alveoli and pulmonary capillaries (Kent et al. 2011). Significant Va/Q inequality is
reported early in the course of the disease, at least from a spirometric standpoint (Barbera
et al. 1990). There does not appear to be a simple relationship between severity of
radiologically measured parenchymal destruction and hypoxaemia (Sandek et al. 2002).
The explanation for this observation is presumably that the extent to which loss of
pulmonary capillaries occurs in tandem with loss of alveoli will determine the abundance

of lung units where Va/Q < 1, and this will vary from patient to patient.

5.1.4.2. Diffusion impairment

It might be expected that impaired diffusion (D) of gases across the alveolar epithelium into
the pulmonary capillary would be a common mechanism by which hypoxaemia occurred
in chronic lung disease. In fact, the only pathological situation in which diffusion limitation
has been shown convincingly to contribute in this way is during exercise in patients with
interstitial lung disease (ILD) (Young and Bye 2011), in whom the blood-gas barrier may
be thickened. The reason becomes clearer if one considers that for diffusion impairment to
manifest as hypoxaemia or hypercapnia it must prevent equilibration of capillary gas
tensions with those in the alveolus before the erythrocyte completes its journey through the

pulmonary capillary.

It has been estimated that the mean time taken for an erythrocyte to transit through the
pulmonary capillary bed is 0.75 seconds at rest, falling perhaps to slightly less than half
this duration during strenuous exercise (Roughton 1945, Johnson et al. 1960). In health,
equilibration of oxygen tension appears to take place within 0.25 seconds (Staub et al.

1961), leading to the oft repeated physiological ‘rule of thumb’ that equilibration occurs
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around one third of the way along the pulmonary capillary (Wagner and West 1972, West
and Wagner 1980). Thus, even in ILD, studies typically find either no or only a minor
contribution from diffusion impairment to resting hypoxaemia, and a significant
contribution is evident only when CO increases during exercise (Jernudd-Wilhelmsson et

al. 1986, Agusti et al. 1991, Wagner 1992).

A study directly comparing patients with ILD to those suffering from COPD found no
regions with low D/Q ratios in the lungs of COPD patients, only the expected abnormalities
of Va/Q distribution (Yamaguchi et al. 1997), with regions of low and high V/Q ratios as
already described. Furthermore, a study of high-dose inhaled corticosteroids in COPD
patients found that, although diffusing capacity for carbon monoxide (DLco) was
significantly increased after two months of therapy, no change in resting P.0> was evident
(Sandek et al. 2001b). However, care is needed in interpreting the results of studies using
DLco as an index of blood-gas barrier function, since other physiological factors contribute

to this measurement, including blood volume within the pulmonary capillaries.

5.1.4.3. Hypoventilation
The hypoxaemia that results from a fall in alveolar minute ventilation will always be
accompanied by a rise in P,C0O2. This can be predicted from the simplified form of the

alveolar gas equation (Fenn et al. 1946, West 2011a):

PA0O2 = P102 — (PACO2/R)

Where R is the respiratory exchange ratio, and it is assumed that PACO2 = P.CO3, that is, the
carbon dioxide gradient between alveolar capillary blood and alveolar gas is negligible.
The effect of a controlled reduction in alveolar minute ventilation on P,CO; in animal

experiments is illustrated in Figure 5-6.
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Figure 5-6. Relationship between alveolar ventilation and partial pressure of carbon dioxide

Data are from mechanically ventilated curarized dogs anaesthetised with pentobarbital and given
inspired oxygen sufficient to maintain S,0, > 85%. Two lines are shown, one that is predicted from
the alveolar gas equation, and the other describing the experimentally obtained values, which are
shown as dotted circles. The investigators attributed the discrepancy between the observed and
predicted behaviours to an overestimation of the extent to which V, was reduced by mechanical
hypoventilation in their experiments. They assumed a constant physiological dead space, but
noted that this might have fallen with marked tidal volume reductions. P,C0O, values are in mmHg.

Reproduced with permission from (Earle et al. 1958).

Hypoventilation does not appear to be a primary cause of hypoxaemia in COPD. Indeed,
early work (Prime and Westlake 1954) and more recent studies (Alvisi et al. 2003, Moore
et al. 2009) indicate that resting ventilation in COPD patients is equal to or greater than that
seen in healthy subjects. Of course, this is to be expected, since the hypercapnia that would
otherwise result from Va/Q inequality is opposed by augmented ventilation as a
consequence of chemoreceptor stimulation. This maintains a normal P,CO> but is not
sufficient to counteract the effect of Va/Q inequality on P,02 owing to differences in the
shape of the dissociation curves describing the relationships for the O, and CO» affinity of

haemoglobin (West 2011a). In this situation, lowering the PAC0; of well-perfused regions
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of lung by increasing ventilation will cause pulmonary capillary blood CO> concentration
in these regions to fall considerably. On the other hand, increasing Pa0O> of these well-
perfused regions will not alter pulmonary capillary blood O concentration to anything like
the same extent, since these lung units are operating on a relatively flat part of the curve
that describes the relationship between Pa0O> and pulmonary capillary blood O>

concentration (Figure 1-2).

Having said all this, it has long been recognised that the ventilatory response to CO2 may
be blunted in some patients with COPD (Reinhardt 1912, Scott 1920), particularly those
with chronic hypercapnia (Brodovsky ef al. 1960, Lane and Howell 1970, Gelb et al. 1977).
The ventilatory response to hypoxia itself may also be reduced (Flenley ef al. 1970, Bradley
et al. 1979), and there is some evidence that that mechanical loading and control of
breathing may also be abnormal in the condition (Duranti et al. 1995). A further factor that
is increasingly important in contributing to hypoxaemia in COPD, by disturbing respiratory
mechanics, is obesity (Franssen et al. 2008). Thus, failure to increase ventilation
sufficiently to compensate and maintain eucapnia, or in response to hypoxaemia, could
perhaps be considered a form of ‘relative hypoventilation’, and might promote more severe
hypoxaemia than would otherwise be encountered. Respiratory embarrassment from

obesity might similarly impede a corrective increase in alveolar ventilation.

5.1.5. Pulmonary hypertension

5.1.5.1. Significance of pulmonary hypertension in COPD

Pulmonary hypertension and consequent RVF — termed cor pulmonale — have long been
recognised as complications of chronic lung diseases (Fishman 1976b), with the presence
of cor pulmonale clearly predicting a worse outcome in COPD (Traver ef al. 1979). The

introduction of the pulmonary artery catheter (Swan et al. 1970) made it more
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straightforward for studies to examine invasively pulmonary haemodynamics in patients
with COPD using RHC. The prognostic significance of the abnormalities thus detected was
recognised early on, with one study reporting an inverse relationship between PVR and
survival (Burrows et al. 1972), and another finding that an mPAP > 20 mmHg carried a

worse prognosis over several years of follow-up (Weitzenblum et al. 1981).

Perhaps the only study that failed to report a statistically significant association between
severity of PH and outcome in COPD did in fact find a trend towards higher mPAP and
PASP in non-survivors (Kawakami ef al. 1983), but recruited a relatively small number of
patients, limiting its power to detect an association. More recent work confirms that severity
of PH is a strong predictor of adverse outcomes in COPD (Dot et al. 2003, Cuttica et al.
2010, Andersen ef al. 2012) including in those treated with LTOT (Oswald-Mammaosser et

al. 1995) and patients admitted to hospital with an AECOPD (Stone et al. 2011).

In addition to the prognostic value of a single measurement of pulmonary haemodynamic
variables, early studies examined the manner in which these changed over time (Boushy
and North 1977, Schrijen et al. 1978, Weitzenblum et al. 1978). One such study using
repeated RHC at an interval of around three years in patients with COPD and arterial
hypoxaemia, suggested that the annual increase in mPAP was rather small — of the order of
I mmHg/year (Weitzenblum et al. 1979). In patients showing the greatest increases, P02
tended to fall and P.CO> rise during the intervening period. Of course, these observations
do not allow the conclusion that worsening hypoxaemia causes an increase in mPAP,
though they do highlight a relationship that has been seen in subsequent studies (Sims ef
al. 2009, Andersen et al. 2012). In terms of the functional consequences, even after

controlling for severity of airflow obstruction and other possible confounders, PH is
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associated with greater impairment of exercise performance in patients with severe COPD

(Sims et al. 2009).

5.1.5.2. Severity of pulmonary hypertension associated with COPD
Though in clinical practice COPD is thought of as a disease that commonly leads to cor
pulmonale, studies of large numbers of patients with the condition suggest that PH

complicating COPD is typically not severe (Figure 5-7).
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Figure 5-7. Histogram showing distribution of resting PAP in patients with COPD

Data are from a cohort (n=998) with airflow limitation ranging from mild to very severe; values
were determined by RHC. P,,, mPAP. Reproduced from (Chaouat et al. 2008) with permission of

the European Respiratory Society ©.

In a retrospective study of 27 patients with severe PH (mPAP > 40 mmHg), identified from
a French registry of almost one thousand patients who had undergone RHC, 16 were found

to have a comorbid disease capable of causing PH, leaving only 11 individuals (1.1% of
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the registry) in whom COPD was the only identifiable cause (Chaouat et al. 2005). The
authors noted that these individuals were phenotypically unusual in having severe
hypoxaemia despite only mild to moderate airway obstruction; hypocapnia and a very low
DLco were also features. This prompted the observation that severe PH in the setting of
COPD, with no other possible underlying cause, was not dissimilar to IPAH. Indeed, it has
been argued that these patients may effectively be individuals with IPAH who happen to

have developed concomitant COPD from exposure to tobacco smoke (Chaouat et al. 2008).

5.1.5.3. Aetiology of pulmonary hypertension in COPD

Though it would be tempting to assume that PH in COPD is primarily driven by chronic
hypoxia, this is an oversimplification. For instance, hypoxaemia did not predict presence
of PH in a group of 151 patients with severe emphysema (mean FEV|/FVC = 0.38), and in
those patients with an mPAP > 20 mmHg there was no correlation between invasively
measured right heart haemodynamic variables and severity of resting hypoxaemia (Oswald-
Mammosser ef al. 1991). Similarly, in a study of 120 patients with severe emphysema
(mean FEV) = 27% predicted) who underwent RHC, over ninety percent had an
mPAP > 20 mmHg (Scharf ef al. 2002) but, though mPAP correlated inversely with P,02,
multiple stepwise regression revealed that the latter was not an independent predictor of the
former. Also, in a study of 117 COPD patients with PH who were not hypoxaemic at rest,
the only variable that was found to be associated with the severity of PH was [Hb] (Lee et
al. 2011). The direction of the relationship was for a lower [Hb] to be associated with more
severe PH, the opposite of that found in the studies of acute isovolaemic haemodilution
discussed earlier (section 2.5.3.1). Iron status was not assessed in this study, making it

impossible to know if this association was, in fact, explained by iron deficiency.
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Related to the effects of HPV in COPD is the phenomenon of hypercapnic pulmonary
vasoconstriction. In those patients with COPD who develop hypercapnic ventilatory
failure, this may reasonably be expected additionally to contribute to PH. Human studies
appear to have grossly neglected this issue in compassion with the attention HPV has
received, and its pathophysiological importance is unclear. One study that did examine the
effect of lowering P,CO> in men with COPD and hypercapnia used the respiratory stimulant

almitrine, which unfortunately itself augments HPV (Dull ef al. 1983).

In addition to hypoxia-driven pulmonary vasoconstriction, elevation of PVR in COPD is
the result of a complex interaction between mechanical factors and pulmonary vascular
remodelling (Singh et al. 2016). Emphysematous destruction of the pulmonary vascular
bed might be expected to contribute very significantly to resting PH, but a clear relationship
between radiological evidence of parenchymal destruction and PAP is not reported
(Biernacki et al. 1989). Instead, inflammation may be a more important factor, with a role
similar to that in promoting hypertrophy and fibrosis of the small airways (Figure 5-2).
Given the very complex interactions between hypoxia and inflammation (Eltzschig and

Carmeliet 2011), though, it has proved difficult to untangle the exact mechanisms.

Particularly noteworthy studies include one reporting that overexpression of IL-6 in
transgenic mice causes muscularisation of the proximal arterial tree (Steiner et al. 2009),
and another demonstrating not only that cultured human PASMCs increase expression of
IL-6 mRNA in response to hypoxia, but also that circulating levels of IL-6 correlate with
mPAP and severity of hypoxaemia in COPD patients with PH (Chaouat et al. 2009).
Another study found an increase in circulating inflammatory cytokines — including IL-6 —
in COPD patients exposed to hypoxia for two hours (Sabit et al. 2010). It may therefore be

the case that a component of the contribution that inflammation makes to the development
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of PH reflects an indirect action of hypoxia. The evidence from Study A suggesting a direct
effect of hypoxia of this sort in vivo was discussed in Chapter 3. Figure 5-8 gives a simple

overview of the mechanisms thought to contribute to the development of PH in COPD.

Cigarette smoke and
other exposures

Chronic bronchitis and emphysema

Inflammation and pulmonary Reduction of the vascular bed
artery endothelial dysfunction Alveolar hypoxia

Cellular proliferation and
extracellular matrix deposition

|

Pulmonary artery Pulmonary artery
modelling vasoconstriction

N .

| Pulmonary hypertensionl

Figure 5-8. Overview of mechanisms underlying PH development in COPD

Adapted from (Chaouat et al. 2008) with permission of the European Respiratory Society ©.

5.1.5.4. Supplemental oxygen and pulmonary hypertension

Experiments examining the effects of supplemental oxygen in patients with COPD are very
informative with respect to the role of hypoxia in the pathogenesis of PH, and tend to
support the view that HPV is a major contributor (Minai et al. 2010). In one study, a
significant fall in mPAP and PVR was reported in COPD patients given pure oxygen to
breathe for only 20 minutes (Holt and Branscomb 1965), suggesting that active HPV
contributes to PH even late in the course of the disease. Other studies report similar findings

(Tschopp et al. 1985, Hunt ef al. 1989).

In terms of the haemodynamic consequences of LTOT, studies have variously reported: a

slowing of progression of PH (Weitzenblum ez al. 1985); that the response of the pulmonary
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circulation to LTOT predicts survival (Timms ef al. 1985); and even arrest of progression
of PH despite worsening of airflow limitation and hypoxaemia (Zielinski et al. 1998). If
oxygen is removed from LTOT-treated patients, a progressive rise in mPAP is seen over
several hours (Figure 5-9); invasive measurements indicate that this is due to increased

PVR and not a rise in left atrial pressure or CO (Selinger et al. 1987).
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Figure 5-9. Effect on mPAP of removing oxygen from LTOT-treated patients with COPD

Patients (n=6) had been receiving continuous oxygen therapy at 1-3 L/min for at least four months,
and had had stable disease for at least three months, prior to the experiment. None had evidence
of LVF. Note the similarity of this response to the biphasic time course of HPV illustrated in Figure
2-2 and Figure 2-5. Empty circles, mean values breathing oxygen; filled circles, mean values
breathing air; *, P < 0.05 compared with breathing oxygen. Modified from (Selinger et al. 1987)

with permission.

In summary, a strong association between hypoxaemia and pulmonary haemodynamics is

manifest, even if the complex pathobiological relationship between the two is incompletely
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understood. Moreover, oxygen therapy clearly ameliorates PH in COPD, and this may be

one of the mechanisms underlying the mortality benefit from LTOT.

5.1.6. Previous studies of iron homeostasis in COPD

The literature on iron homeostasis in COPD is dominated by work focusing on the
importance of an abnormal [Hb] in the condition, be it anaemia or polycythaemia. The
failure of the hypoxia associated with “pulmonary emphysema” invariably to cause
significant polycythaemia was noted almost a century ago (Lemon 1929). A comprehensive
work examining the effects of hypobaric hypoxia on erythropoiesis emphasised that this
observation was plainly at variance with the expected outcome, given the behaviour seen
in individuals exposed chronically to high altitude (Hurtado et al. 1945). A normal [Hb] in
patients with chronic lung disease was viewed, very reasonably, as a sort of ‘relative

anaemia’. A number of investigators subsequently applied themselves to this problem:

“It seems most likely that the constant pressure of chronic inflammation
combined with recurrent acute infections in the lung plays some part in
preventing an appropriate erythropoietic response to hypoxaemia.”

(Vanier et al. 1963)

“Chronic pulmonary disease with arterial hypoxia appears to be
associated with a suboptimal response to the erythropoietic stimulus of
hypoxia...possibly...attributed to infection, shortened red cell life span,
azotaemia, severe anoxia, high arterial carbon dioxide tension, or a
defective production of erythropoietin...It may be that pulmonary
impairment in some unknown manner interferes with the stem cell
response to erythropoietin or with normal erythroid maturation. Since it
is possible that this picture is a variant of the anaemia seen in chronic
inflammatory disease, studies on iron reutilisation and the degree of

erythropoietic effectiveness are in progress.” (Gallo et al. 1964)
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The suspicion that iron deficiency might explain this ‘inappropriate normality’ of [Hb] in
patients with severe emphysema prompted one pair of investigators to administer
intramuscular iron to a small group of such patients, the majority of whom showed a
response in terms of a rise [Hb] or red cell mass (Fielding and Zorab 1964). It is a pity that

this illuminating finding appears to have been largely forgotten in the decades since.

From contemporary studies it is abundantly clear that, as in a host of other chronic diseases,
anaemia identifies COPD patients with a worse functional status and prognosis (Portillo et
al. 2013). This is true both in the setting of admission with an AECOPD (Martinez-Rivera
et al. 2012) and in the long term (Martinez ef al. 2006, Cote et al. 2007, Boutou ef al. 2013).
Prior to the work described in this chapter, very few recent studies had considered iron
homeostasis in COPD in its own right. This is perhaps surprising given how much attention

the issue has received in CHF, and, for that matter, IPAH.

Two relatively recent studies claim explicitly to have examined iron deficiency in COPD.
In the first (Schneckenpointner et al. 2014), 185 patients with “chronic respiratory failure”
were prospectively studied. The authors reported that 18.4% were anaemic and that this
proportion did not vary significantly depending on the presence or absence of COPD.
Anaemic patients were older, and had higher serum creatinine and erythropoietin levels,
but lower TSat, serum iron and vitamin B12 levels. A TSat > 20% was associated with less
dyspnoea and better subjective exercise capability, whilst lower [Hb] and serum iron levels
predicted mortality. The authors concluded that iron status was an independent prognostic
marker. However, the findings are somewhat difficult to interpret, for several reasons. First,
patients with a variety of diagnoses were enrolled, including neuromuscular diseases and
obesity-hypoventilation syndrome. Secondly, all patients were receiving “home

mechanical ventilation”, which the authors did not define. Thirdly, the key grouping
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variable for classifying patients as iron deficient was TSat < 20%; those with TSat > 20%
were assumed to have normal iron homeostasis. The difficulty with such an approach, as
employed by studies in the 1960s before a serum ferritin assay became available
(McFarlane et al. 1967), has been discussed in Chapter 1. Furthermore, no measurements
of sTfR or hepcidin were reported. Thus, it is difficult to conclude much with certainty

about iron deficiency in COPD from this particular study.

The second study (Silverberg et al. 2014) included both a retrospective observational
component and a small interventional arm. In the former, the hospital records of 107
patients suffering from an AECOPD were examined. The authors reported that 44% of
AECOPD patients were anaemic on admission. Only 38% of the anaemic patients had TSat
and serum ferritin measured; all were found to have evidence of iron deficiency, but none
had any form of iron therapy administered. In the interventional component, 12 anaemic
patients with COPD (11 of whom were iron deficient) were given a combination of
erythropoiesis stimulating agents and IV iron. Dyspnoea and [Hb] improved with these
interventions. The key limitation of this study is, again, that it is not possible to draw from
it any real conclusions about iron deficiency in COPD, other than that it appears to be
prevalent in anaemic patients, which is hardly surprising. The methodology used illustrates
the problem of ascertainment bias that is encountered if a low [Hb] is taken as the trigger
for measurement of iron indices. Equally, that a rise in [Hb] and subjective improvement
in dyspnoea occurred with administration of erythropoietin and iron does not allow any

firm conclusions to be drawn about the role of iron deficiency in its own right.

There have been a handful of other studies in which iron homeostasis has been considered
in COPD. One investigated the effect of venesection on iron parameters in polycythaemic

patients (Martinez ef al. 1997), and found, as expected, a reduction in serum ferritin with
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repeated venesection; no clinical outcomes were reported. Another viewed iron as a “trace
element” and measured only serum iron levels (Karul et al. 2003). The authors concluded
that there was “no need for routine evaluation of trace elements in clinically stable,
regularly treated COPD outpatients.” It does not appear that the futility of using an isolated
measurement of serum iron to assess iron status was appreciated by these investigators. The
same group published a very similar report subsequently (Karadag et al. 2004), again

reporting comparable serum iron levels in COPD patients and controls.

5.2. Aims

Given the absence of data regarding the epidemiology of iron deficiency in COPD, a cross-
sectional observational study of patients was undertaken, Study C, with the aim of
determining the prevalence of iron deficiency in the condition. It was hypothesised that iron
deficiency would be more common than in healthy controls, and that iron-deficient patients
with COPD would differ phenotypically, particularly with respect to indices of symptom

burden and functional performance.

5.3. Methods

The contributions of this author and other individuals to the design and execution of
Study C are described in detail in Appendix A. In contrast to the interventional studies of
healthy volunteers presented earlier, in order to explore the role of iron deficiency in COPD,
a cross-sectional study design was used with the aim of establishing the prevalence and
associations of iron deficiency in this setting. The study was conducted in accordance with

the Declaration of Helsinki and approval was given by the NHS South Central Berkshire
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Research Ethics Committee (reference 08/H0607/81). Written informed consent was given

by all participants.

5.3.1. Patient recruitment

Patients included in this study were recruited to the Oxford Biomedical Research Centre
COPD Cohort between August 2009 and April 2012. This cohort comprised a carefully
phenotyped group of patients with a clinical diagnosis of COPD confirmed by a respiratory
physician, and consistent spirometric findings of FEV1/FVC < 0.70 and FEV; < 80%
predicted, in accordance with GOLD. During the period of recruitment, patients attending
a specialist COPD clinic at the Churchill Hospital, Oxford were invited to enrol in the
cohort. A specific criterion for enrolment was the absence of other significant
cardiopulmonary disease or comorbidity likely to limit life-expectancy to less than two

years.

5.3.2. Study design and procedures

Study assessments were only undertaken during a period of disease stability, specifically
when patients reported being exacerbation-free for at least four weeks. These included a
medical history, record of exacerbations, clinical examination and spirometry. Resting
pulse oximetry and arterial or capillary blood gas analysis were performed. Nocturnal mean
Sp02 and proportion of time spent asleep with Sy02 < 90% were also determined (Pulsox®-
3001, Konica Minolta Sensing Inc., Japan). The St George’s Respiratory Questionnaire
(SGRQ) (Jones et al. 1992), Hospital Anxiety and Depression (HAD) score (Zigmond and

Snaith 1983) and Epworth Sleepiness Score (ESS) (Johns 1991) were also recorded.

All patients underwent two Shuttle Walk Tests (SWT) (Singh et al. 1992) with the better

result used for analysis. The SWT requires the patient to walk a distance of 10 m around
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two cones at progressively increasing speeds until voluntary fatigue, or the point at which
the individual is observed to be unable to achieve the pace required. Whole blood was
obtained from patients at the same visit. FBC, TSat, ferritin, CRP, erythropoietin, sTfR and

hepcidin were measured in a similar manner as described for Study A.

5.3.2.1. Definition of iron deficiency

In Study A and Study B, definitions of iron deficiency and iron repletion were based on
serum ferritin and TSat values. In this study of COPD patients, a similar approach of
classifying participants as iron deficient (ID), iron replete (IR) or indeterminate was
employed. However, the utility of serum ferritin as an index was limited because it is an
acute-phase reactant (Rogers ef al. 1990). Whilst in the presence of inflammation a low
serum ferritin remains diagnostic of iron deficiency, a normal serum ferritin cannot be used
to exclude it. These issues were discussed in Chapter 1, and the effect of inflammation in

this regard is illustrated in Figure 1-14.

Accordingly, in Study C, sTfR was used as an additional grouping variable to establish iron
status. Thus, iron deficiency was defined as any one or more of (i) sTfR > 28.1 nmol/L;
(i1) TSat < 16%; or (iii) serum ferritin < 12 pg/L. Patients were classified as iron replete if
they did not meet the criteria for iron deficiency, and had TSat >20%. Patients who did not
meet the definition of iron deficiency but who had 16 < TSat <20% were viewed as falling

into an indeterminate group.

5.3.3. Control group
Though a key aim was to compare the phenotypes of ID and IR patients with COPD, in
order to determine with certainty whether iron deficiency is more prevalent in the condition,

it was felt desirable to have a healthy control group in whom to investigate the performance

226



Chapter 5. Chronic obstructive pulmonary disease

of the definitions used. This healthy control group was identified from individuals
participating in a different study examining iron and exercise physiology in adults aged
over 50 years (Cheng 2015). Patients in this study were younger on average and mostly
female, so COPD patients were matched 2:1 with age- and sex-appropriate controls to

generate a suitable control group.

5.3.4. Statistical analysis

Data were analysed using SigmaPlot (version 13.0, Systat Software). The Chi-squared test
was used to compare proportions. Non-normally-distributed data comparisons were made
using a MWU test and normally distributed data compared using a t-test. To explore the
effect of possible confounders, particularly FEV, analysis of covariance (ANCOVA) was
used. Spearman’s rank correlation coefficient (p) was calculated to investigate correlations
between non-normally-distributed variables, including analysis of correlations with iron
status rank (treating sTfR and TSat of equal importance). With respect to this latter
approach, all COPD patients were ranked separately according to TSat and sTfR, and an
overall rank determined by summing the values of the individual ranks; this served to

combine the two indices and allow further exploration of possible confounders.

5.4. Results

One hundred and thirteen COPD patients made up the cohort. Sixty-five percent were male
and the mean (SD) age was 67.6 (8.8) years. The median FEV; was 41.0% predicted,
consistent with severe COPD, and the median smoking history was 43.0 pack years. Most
were ex-smokers and all but two of the patients were Caucasian. Five patients were

receiving LTOT, and nine more had access to short-burst oxygen at home. The control
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cohort consisted of 57 individuals, 65% of whom were male, with a mean (SD) age of 67.6

(6.1) years; all were Caucasian.

5.4.1. Prevalence of iron deficiency

Twenty COPD patients (17.7%) were ID, 81 (71.7%) IR, and 12 (10.6%) of indeterminate
iron status. This contrasted with 3 (5.3%), 51 (89.5%) and 3 (5.3%), respectively, in the
control healthy volunteer group (Figure 5-10). Iron deficiency was therefore significantly

more prevalent in the COPD cohort than in healthy controls (P = 0.029, Chi-squared test).
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Figure 5-10. Iron status of COPD cohort patients and healthy controls

Venn diagrams showing proportions of COPD cohort (top) and healthy control group (bottom) who
were iron deficient, of indeterminate iron status, or iron replete. No COPD patient had a serum

ferritin < 12 pug/L and no healthy control participant had an sTfR > 28.1 nmol/L.
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5.4.2. Characteristics of COPD patients

Characteristics of the COPD cohort patients are given in Table 5-2. There were no

significant differences between the ID and IR groups in sex, smoking status, median

number of pack years smoked or access to oxygen therapy. Though the difference in FEV;

appeared to be of a magnitude consistent with clinical significance, it did not reach

statistical significance. Similarly, further analysis revealed that in the cohort as a whole

there was not a significant correlation between FEV| and any index of iron status, be it

sT{R alone (p = -0.068, P = 0.48), TSat alone (p = 0.11, P = 0.24) or overall iron status

rank (p = 0.096, P = 0.31), calculated as described earlier. However, the direction of trend

for all these relationships was for more iron-deficient patients to have a lower FEV;. In

view of this, subsequent analyses explored FEV as a possible confounder.

All patients (n=113) ID (n=20) IR (n=81) ﬁ;":;‘::
Male sex — n (%) 74 (65) 12 (60) 53 (66) 0.85
Age —years 67.6+8.8 67.5+£9.9 67.5+8.5 0.98
FEV1— % predicted 43.8+17.1 39.7+16.5 448+ 17.0 0.24
Current smoker — n (%) 17 (15) 4 (20) 11 (13.6) 0.71
Pack years 44.0 (28.5-62.0)  44.0(37.0-67.0)  45.0(27.8—62.8) 0.80
BMI - kg/m? 27.6 (21.7 -30.3) 27.8(21.6 -31.9) 27.5(21.7 -30.6) 0.86
LTOT - n (%) 5(4) 2 (10) 3(4) 0.53
Any home 02 - n (%) 14 (12) 5(25) 8 (10) 0.15

Table 5-2. Characteristics of patients in the COPD cohort

Values are means + SD, for normally distributed data, and comparisons by t-test; or medians (IQR),

if not normally distributed, in which case comparisons are by MWU test. Proportions are

compared using a Chi-squared test. FEV;, forced expiratory volume in one second.
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5.4.3. Relationships between iron homeostasis and inflammation

Thirty-seven COPD patients (33%) had a CRP greater than 8 mg/L, the upper limit of
normal for the assay used. In contrast, none of the healthy volunteer controls had a raised
CRP (P < 0.001, Chi-squared test). CRP was significantly higher in COPD patients with
ID than those who were IR (median 10.5 vs 4.0 mg/L, respectively, P < 0.001; Figure
5-11A), and this relationship persisted after adjustment for differences in FEV; (P = 0.028).
The ID group also had a higher self-reported rate of exacerbations in the year prior to
enrolment (median 3 (IQR 2-6) vs 2 (IQR 1-4), respectively, P = 0.024). Again, this

relationship persisted after adjustment for differences in FEV (P = 0.045).

As would be expected, ferritin and hepcidin levels were both significantly lower in iron-
deficient healthy controls than in their iron-replete counterparts (medians: ferritin 10.5 vs
76.3 ng/L, respectively, P = 0.008; hepcidin 3.3 vs 35.1 ug/L, respectively, P = 0.007).
Similarly, ID COPD patients had lower ferritin and hepcidin levels than IR COPD patients
(medians: ferritin 28.3 vs 79.9 nug/L, respectively, P < 0.001; hepcidin 21.4 vs 33.4 ug/L,

respectively, P =0.013; Figure 5-11B&C).

However, neither ferritin nor hepcidin was suppressed in ID COPD patients to the extent
seen in iron-deficient healthy controls. Instead, consistent with their elevation by
inflammation, the values for both were significantly higher in the ID COPD patients
compared with the iron-deficient healthy controls (medians: ferritin 28.3 vs 10.5 pg/L,
respectively, P = 0.040; hepcidin 21.4 vs 3.3 ug/L; respectively, P = 0.020). Furthermore,
in the COPD cohort, hepcidin was significantly correlated with CRP (p =0.20, P = 0.039),
but this was not the case for the healthy control group (p = 0.026, P = 0.85), where CRP

values were not elevated. Very similar positive correlations between hepcidin and ferritin
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values were, however, found in both the COPD cohort (p =0.64, P <0.001) and the healthy

control group (p = 0.80, P <0.001) (Figure 5-11D).
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Figure 5-11. Inflammation and iron homeostasis in COPD patients and healthy controls

(A) Box plot showing distribution of CRP by iron status in the COPD cohort (boxes show IQR and
median, whiskers are 10" and 90™ centiles, circles are outliers). (B & C) Box plots showing
distribution of results for ferritin and hepcidin by iron status in the COPD cohort. (D) Scatter plot
showing relationship between hepcidin and ferritin for all patients in the COPD cohort (n=113;
filled circles). The healthy control group (n=57; open circles) are shown for comparison; COPD did

not obviously alter the relationship between hepcidin and ferritin. Note the log scales.
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5.4.4. Hypoxaemia

Within the COPD cohort, resting daytime Sp02 was significantly lower in the ID group

compared with IR patients (median 92 vs 95%, respectively, P <0.001) (Figure 5-12A).
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Figure 5-12. Daytime and noctunal hypoxaemia in COPD patients according to iron status

Box plots, constructed as for Figure 5-11, showing distribution of (A) resting Sp02, (B) resting P,0,
(C) mean nocturnal Sp0,, and (D) percentage of nocturnal S,0, recordings < 90%, all by iron status,

in the COPD cohort.
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This was also the case for resting P,0> (median 7.97 vs 9.05 kPa, respectively, P = 0.008)
and mean nocturnal Sp;02 (median 88.6 vs 91.2%, respectively, P = 0.015). Additionally,
the proportion of time spent overnight with an S,02 <90% was much higher in the ID group
than the IR group (median 75.3 vs 16.4%, respectively, P = 0.005). All these relationships
persisted after adjustment for FEV; (P < 0.001, P = 0.007, P = 0.005 and P < 0.001,

respectively).

5.4.5. Erythropoiesis

Haemoglobin concentration did not differ according to iron status in COPD patients
(means ID vs IR: 13.4 vs 13.8 g/dl, P = 0.26), despite a much higher serum erythropoietin
level in the ID group (medians ID vs IR: 23.9 vs 13.5 mIU/ml, P =0.001). However, MCV
was lower in the ID group (means ID vs IR: 88.8 vs 93.1 fI; P =0.001). These findings are

illustrated in Figure 5-13.

5.4.6. Functional outcomes

Exercise performance, as measured by the distance achieved in the SWT, was poorer in the
ID group (medians ID vs IR: 165 vs 240 m; P = 0.035; Figure 5-14). However, variance in
FEV| appeared to explain a significant proportion of the variance in SWT performance,
such that adjustment for FEV| weakened the relationship between SWT performance and
iron status (P = 0.081). Differences in SGRQ scores, HAD scores and ESS between ID and
IR groups did not reach statistical significance (ID vs IR: mean 33.5 vs 30.1, P = 0.056;
median 13.5 vs 11, P=0.133; and median 8 vs 5, P =0.279; respectively), though in each
case the trend was for scores consistent with greater symptom burden to be recorded in

COPD patients with ID.
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Figure 5-13. Erythropoiesis in the COPD cohort

Box plots, constructed as for Figure 5-11, showing distribution of (A) haemoglobin concentration,

(B) serum erythropoietin, and (C) mean cell volume, by iron status, in the COPD cohort.

5.5. Discussion

5.5.1. Prevalence of iron deficiency in COPD

The first finding of this study is of a high prevalence of iron deficiency in COPD — close to

1 in 5 patients. Applying the same definition to a well-matched healthy volunteer control
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group gave a prevalence of iron deficiency of only 5%. Non-invasive assessment of iron
status is problematic in COPD, as in other chronic inflammatory conditions, since serum
ferritin may be normal or raised despite inadequate iron stores. None of the COPD cohort
patients had a serum ferritin that could be considered strictly diagnostic of absolute iron
deficiency. However, the lower MCV in the ID group is consistent with IDE, indicating

that this definition identified individuals with a significant unmet tissue iron demand.
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Figure 5-14. Exercise performance in COPD patients

Box plot, constructed as for Figure 5-11, showing distribution of SWT distance according to iron
status in the COPD cohort. The value for each patient is that for the individual’s best performance

from two attempts at the test.

This study represents the first attempt to determine the prevalence of iron deficiency, rather
than anaemia, in the setting of COPD. Since this work was performed, another published
study has explored iron deficiency in COPD. In a group of 70 Spanish patients undergoing

a pulmonary rehabilitation programme, the prevalence of NAID was reported to be 48%
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(Barberan-Garcia et al. 2015), much higher than in the present study. However, those
authors defined ID as a serum ferritin < 100 pg/mL, or of between 100 and 299 pg/mL with
a TSat < 20%. Brief inspection of Figure 5-11B reveals that such a definition would have

resulted in over half of the IR COPD patients in the present study being classified as ID.

A defence of this definition was not provided by the investigators, other than that it was
that which had been adopted by another group investigating the effects of IV iron
supplementation in patients with CHF (Okonko et al. 2008). The authors of that work cited
two studies of sternal bone marrow iron content (Bolger ef al. 2006, Nanas et al. 2006) as

the basis for their system of classification:

“Nanas et al. measured the iron content of bone marrow biopsies in
patients with advanced heart failure and anaemia; 73% of patients had
reduced iron stores. The mean ferritin levels were 75 ng/ml in those who
were iron deficient and 211 ng/ml in those not iron deficient. Bolger et
al. reported a mean value of 87 ng/ml. These values are far above the
15 to 20 ng/ml cutoffs that are usually regarded as indicative of iron-
deficiency anaemia. Consequently, we used higher ferritin cutoffs for
iron deficiency to address its impact on exercise and symptoms in CHF.”

(Okonko et al. 2008)

With respect to the manner in which ferritin levels behave in the setting of a chronic
inflammatory disease, it could be argued that these two studies (Bolger et al. 2006, Nanas
et al. 2006) serve only to reinforce that which had already been demonstrated several
decades earlier by Finch and coworkers (Lipschitz et al. 1974, Finch et al. 1986), as
illustrated in Figure 1-14. Aside from this, and the now somewhat laboured point regarding
the use of a definition of iron deficiency derived from anaemic patients in those without
anaemia, there is the much bigger issue of the validity of simply borrowing a definition that

has fallen into use in the CHF literature (Anker et al. 2009, Klip et al. 2013, Ponikowski et
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al. 2015), for another chronic disease entirely. If applied to COPD, such a definition is
bound to identify a group of patients who are relatively iron-deficient compared with those
who do not meet the criteria. However, this group will include many individuals who are
certainly iron replete by established criteria, weakening the utility of such a definition,
unless, that is, it is desired to categorise as many individuals as possible as iron deficient in
order that they may be given an IV iron therapy within the terms of an existing product

licence.

5.5.2. Hypoxaemia and iron status in COPD

One striking finding of the present study is the unanticipated association in COPD patients
of significantly greater hypoxaemia with iron deficiency. This relationship was not simply
explained by more severe airflow limitation, as measured by FEV;. Marked daytime and
nocturnal hypoxaemia were evident; these were entirely unexpected. Given that Va/Q
inequality is the dominant mechanism driving hypoxaemia in COPD, one possible
explanation is that globally upregulated HPV as a consequence of iron deficiency may

further impair Va/Q matching and worsen hypoxaemia.

Obstructive sleep apnoea commonly occurs in patients with COPD (Soler ez al. 2015) — an
overlap syndrome. In terms of nocturnal hypoxaemia, it should therefore be considered
whether a higher incidence of OSA in the ID group may have contributed to the findings.
The ID group were not older, did not have a significantly higher BMI, were not more likely
to be male, and were not more often current smokers; thus there was not a clear excess of
risk factors for OSA (Young et al. 2004) in the group as a whole. Having said this, daytime
sleepiness, as measured by the ESS, was higher in ID patients, albeit not statistically
significantly so. Obstructive sleep apnoea is itself a chronic inflammatory disorder in which

hepcidin-mediated iron sequestration has recently been implicated (Abakay et al. 2015, Liu
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et al. 2015). Thus, in the present study it is possible that OSA contributed to nocturnal

hypoxaemia.

Finally, it may simply be the case that iron deficiency identifies a group with more severe
disease of a sort that is not fully captured by measuring FEV; alone. Greater systemic
inflammation would seem to be the most likely confounding factor in this respect, and it is

this topic to which attention shall now be turned.

5.5.3. Disturbance of iron homeostasis in COPD

As discussed in previous chapters, the major hormone that acts to determine iron
availability and distribution is hepcidin, which is regulated by iron, erythropoietic drive and
inflammation. The importance of inflammation in regulating iron availability in COPD is
illustrated by the failure of the combination of iron deficiency and hypoxaemia completely
to suppress hepcidin in the ID COPD patients. In contrast, plasma hepcidin was markedly

suppressed in the few iron-deficient but euoxic healthy volunteer control participants.

This ‘inappropriate expression’ of hepcidin in COPD patients who appear by other criteria
to be iron deficient has similarities with that seen in ACD (Weinstein et al. 2002, Ganz and
Nemeth 2009). The main difference, of course, is that in the group of ID COPD patients,
anaemia was uncommon and mean [Hb] was not lower than in the IR COPD patients despite
a significantly lower ferritin and MCV. The ID patients had higher erythropoietin levels,
consistent with appropriate sensing of hypoxaemia (possibly with a direct contribution from
an effect of iron deficiency) but a failure of the marrow to respond accordingly. Thus it
does appear that a tension exists in COPD between erythropoietic drive and iron
availability, with inflammation-driven, hepcidin-mediated iron sequestration constraining

a rise in haemoglobin.
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As with work addressing iron deficiency generally in COPD, there are few published
studies examining the role of hepcidin in the condition. Iron-loaded alveolar macrophages
have been identified in lung tissue from humans with COPD, and associations demonstrated
between the extent of iron loading and disease severity (Philippot ef al. 2014). Interestingly,
though, these authors viewed their findings as suggestive of a mechanism by which alveolar
macrophages might provide protection against iron-induced oxidative stress in COPD,

rather than a process simply reflecting ongoing inflammation and elevated hepcidin.

Other groups have measured circulating hepcidin in COPD. One study reported hepcidin
levels to be lower in patients with moderate and severe COPD than in a healthy control
group, and additionally a positive correlation between S,02 and hepcidin in patients with

severe disease (Duru et al. 2012). This led the authors to the rather opaque conclusion that:

“The serum hepcidin level that is decreased in severe COPD brings into
mind that it may play a role in the mechanism to prevent hypoxemia.”

(Duru et al. 2012)

The likely explanation for these confusing findings is that the ELISA used to measure
hepcidin in that study in fact detected prohepcidin, a hepcidin precursor, circulating levels
of which show no relationship whatsoever to markers of iron homeostasis or inflammation
(Roe et al. 2007, Kemna et al. 2008). A more recent study found elevated hepcidin in COPD
patients during exacerbations, and during disease stability, compared with healthy controls,
and positive correlations of hepcidin with CRP, as in the present study (Tandara et al.

2015). However, no correlations were observed with hypoxaemia.

Returning to the study of NAID and pulmonary rehabilitation (Barberan-Garcia et al. 2015)

it is of note that those authors found no difference in CRP levels between their COPD
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patients with and without iron deficiency, nor a difference in the severity of resting
hypoxaemia. This is in spite of broadly similar age, sex and spirometric characteristics of
the COPD patients in that study and the COPD cohort in the present study. Those authors
required a slightly longer period of disease stability prior to enrolment (6 weeks) and
participants also had to be willing and able to exercise on a cycle ergometer and undergo a
pulmonary rehabilitation programme. These differences would not, though, seem to
provide an entirely satisfactory explanation for the absence of the very strong relationships

found in the present study. Hepcidin levels were not reported.

In terms of whether iron deficiency might simply identify a group of COPD patients with
more severe inflammation, which is the ‘true’ driver for hypoxaemia, it is of note that no
difference was found in P,0; between patients with normal and raised CRP levels in a study
of 102 patients with clinically stable GOLD stage II-IV disease (Broekhuizen et al. 2006).
On the other hand, another study of 130 patients found a strong negative association of CRP
with P,02, and for that matter exercise tolerance (de Torres et al. 2006). Some authors
emphasise a potential role for tissue hypoxia driving inflammation (Baldi et al. 2008).
Whilst it is clear from animal models that acute alveolar hypoxia does induce inflammation
in a variety of tissues (Gonzalez and Wood 2010), and Study A supported the view that such
an effect operates acutely in healthy humans, the extent to which this process continues in

the chronic setting in humans with COPD is unclear.

Finally, it is interesting to note that several studies have implicated SNPs in the gene /REB2,
which encodes IRP2, in the pathogenesis of COPD. Gene-expression and genetic-
association results implicated /REB2 as a COPD susceptibility gene in a study involving
data from several cohorts of COPD patients and healthy controls (DeMeo et al. 2009). A

subsequent study confirmed these findings and noted that the effect appeared to be
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independent of lung function, since no association between FEV and any of the SNPs in
IREB?2 was evident (Chappell et al. 2011). Importantly, it was then shown that the effect of
genetic variation within /REB2 was not simply explained by an association with greater
exposure to tobacco smoke, as appeared to be the case with SNPs elsewhere (Siedlinski et
al. 2013). Most recently, a genome-wide association study in COPD patients found that
SNPs near /REB2 were associated with pulmonary artery enlargement, a radiological index

of elevated PAP that is also predictive of future exacerbation risk (Lee et al. 2015).

5.5.4. Exacerbations

Iron-deficient COPD patients in the present study had a significantly higher number of self-
reported exacerbations in the year preceding enrolment. Exacerbations are known to
become more frequent as the severity of COPD increases (Hurst et al. 2010), but the
relationship observed in the present study did not appear to be confounded by FEV . It may,
though, be explained by the association of iron deficiency with higher levels of systemic
inflammation in the group. A very large prospective cohort study of over six thousand
patients with COPD, which sought to investigate potential biomarkers for exacerbation risk,
found that simultaneously elevated levels of CRP, fibrinogen and white cell count were
associated with increased risk of AECOPD, even in those with mild disease and without a
history of exacerbation (Thomsen et al. 2013). Having said this, given that iron deficiency
impairs various aspects of cellular immunity in animal models (Drakesmith and Prentice
2012), it is also possible that iron deficiency might predispose to a higher frequency of

respiratory tract infections, a key trigger for exacerbations (Thomsen et al. 2013).

5.5.5. Functional consequences of iron deficiency in COPD

The present study suggests greater impairment of exercise capacity in iron-deficient COPD

patients, though FEV; appeared to be a significant confounder. It is no surprise that
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ventilatory mechanics are of considerable importance. Patients with even mild COPD show
intolerance to exercise and significantly greater self-reported symptoms of dyspnoea than
healthy controls, and this seems to be driven to an extent by increased dead space

ventilation on exertion (Elbehairy et al. 2015).

The ID group managed only two-thirds the SWT distance of their IR counterparts. The
SWT has been shown independently to predict survival in patients with COPD, with one
study finding nearly a three-fold higher mortality during an average of four and a half years
of follow-up when SWT distance fell below 170 m (Ringbaek et al. 2010). The median
distance achieved by our ID participants was lower than this value. Aside from utility in
predicting mortality, functional tests such as these reflect the degree to which a disease
interferes with a patient’s activities of daily living. Though no statistically significant
differences were found in SGRQ or HAD scores, the outcomes were numerically worse in
both cases in ID patients, of a magnitude potentially of clinical significance. Future studies
recruiting much larger numbers of patients would be helpful to clarify whether a true

association exists.

5.5.5.1. Iron homeostasis and pulmonary hypertension in COPD

If iron deficiency does exert an independent effect on exercise tolerance in COPD, how is
this effect mediated? The complex interaction between hypoxaemia, exercise and PH in the
condition (Christensen et al. 2004, Hilde et al. 2013) has already been highlighted.
Irrespective of whether iron deficiency promotes hypoxaemia, or vice versa, both would be
expected to contribute to HPV in COPD. Echocardiographic data were not collected as part
of Study C, but a recently published report indicates that the relationship predicted from the
results of Study A does indeed exist in patients with COPD (Plesner et al. 2016). This study

found that iron deficiency (defined as serum ferritin < 100 pg/L) was associated in stable
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non-anaemic COPD patients with an increase in TR jet velocity (3.02 vs 2.77 m/s,
P = 0.01) equivalent to a APMAX of 36.6 mmHg in the iron-deficient patients and
30.7 mmHg in those who were iron replete. These investigators discussed some of the
challenges in defining iron deficiency in COPD, including that simply applying the
definition used in CHF appeared unsatisfactory. By dividing patients into four groups
according to serum ferritin, they were also able to show a progressive increase in APMAX
as patients became more iron deficient, and, furthermore, that a fall in DLCO occurred

concomitantly.

5.5.5.2. Iron status and skeletal muscle dysfunction in COPD

Skeletal muscle dysfunction is another very important factor in limiting functional
performance in COPD (Gea et al. 2013, Maltais et al. 2014). The finding that treatment
with LTOT seems to improve skeletal muscle metabolism (Jakobsson and Jorfeldt 1995)
attests to a pathological role for tissue hypoxia, perhaps akin to the consequences for
skeletal muscle of exposure to the hypobaric hypoxia of high altitude (Hoppeler et al.
1990). Additionally, though, smoking appears to have a direct injurious effect on skeletal
muscle physiology, much of which may be reversed on cessation of tobacco use (Degens
et al. 2015). Mitochondrial dysfunction appears to be of considerable importance in this

respect (Meyer et al. 2013, Puente-Maestu et al. 2013).

In a murine model of cigarette smoke-induced experimental COPD, which examined lung
mitochondria rather than those in skeletal muscle, animals deficient in IRP2 were protected,
apparently as a result of reduced mitochondrial iron loading, which in wild-type animals
contributed to mitochondrial dysfunction (Cloonan et al. 2016). Mice treated with a
mitochondrial iron chelator, or those fed an iron-restricted diet, were also protected from

cigarette smoke-induced COPD in this study, implying that iron may be important in the

243



Chapter 5. Chronic obstructive pulmonary disease

injurious processes at the inception of COPD. Much further on in the course of the disease,
when individuals begin to develop symptoms and come to medical attention, such processes
may no longer be relevant, particularly if patients have ceased smoking. Caution is
therefore required when considering the implications for COPD of the finding of no
significant direct effect of iron deficiency on skeletal muscle mitochondrial oxidative
phosphorylation, discussed in Chapter 4. It remains possible that the added insult of iron
deficiency might be injurious to mitochondrial function if the mitochondria concerned are

already abnormal as a consequence of chemical injury and hypoxia.

Given that Study B did find an effect of iron deficiency to promote glycolysis in otherwise
healthy individuals, it might be asked whether such an effect is evident in COPD patients.
Reviewing the literature, Remels and colleagues noted that a shift in skeletal muscle
metabolic profile towards decreased oxidative metabolism and increased glycolysis did
indeed appear to be a consistent finding in patients with COPD (Remels ef al. 2015).
Moreover, these investigators demonstrated this effect to be dependent on HIF-10, which
seemed to be upregulated as a consequence of inflammation, via a mechanism involving

tumour necrosis factor-a (TNF-a) and nuclear factor-kB (NF-«xB) signalling.

Not only does the study by Remels et al. show that iron status need not influence skeletal
muscle metabolism in COPD via a direct disturbance of mitochondrial function in order to
be of pathophysiological importance, it also highlights again the complex interaction
between hypoxia-sensing pathways and inflammation. Returning to this topic once more,
it is of interest that it was demonstrated in vitro some time ago that the PHDs play a role in
the regulation of NF-«B signalling. Inhibition of PHD1, PHD2, or both, resulted in
activation of NF-kB signalling in cell culture experiments; conversely, overexpression of

PHDI1 decreased cytokine-stimulated NF-«xB activity (Cummins et al. 2006). These authors
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suggested that this effect arose because IxB kinase-B — involved in regulating the NF-xB
pathway — was a substrate for the PHDs. Subsequent work revealed just how complicated
the links between these pathways are, with the finding that, in mice, basal
NF-xB activity is required for HIF-1a protein accumulation during hypoxia in cultured

cells, and in the brain and liver of hypoxic animals (Rius et al. 2008).

Taking all this together, it can be seen that the added insult of chronic inflammation in
COPD serves to increase the potential for iron deficiency to act deleteriously via an action
on the HIF pathway, in a manner not apparent in otherwise healthy individuals such as

those studied in Study 4 and Study B.

5.5.6. Iron homeostasis in other chronic respiratory diseases

In adult patients with cystic fibrosis (CF), another chronic inflammatory respiratory
disorder in which iron deficiency is common (Reid et al. 2002), an impaired erythropoietic
response to hypoxaemia has also been described that appears to be associated with
inflammation (Fischer ef al. 2007). A three-month course of oral iron was shown not to
increase [Hb] in a study of patients with CF and functional iron deficiency (defined as TSat
<16%) (Pond et al. 1996). However, a very small case series of adult CF patients given [V
iron for anaemia refractory to oral iron found that [Hb] and MCV both rose very rapidly
with therapy (Hoo and Wildman 2012). These findings are consistent with impaired
gastrointestinal iron uptake coupled with iron sequestration, potentially mediated by
hepcidin. Measurement of sTfR has also reported to be useful in CF, given that it is

unaffected by the acute phase response (Khalid e al. 2007).
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5.6. Conclusions

The significance of disturbed iron homeostasis in COPD is beginning to be explored, but
anaemia continues to dominate the research agenda (Schneckenpointner et al. 2014,
Silverberg et al. 2014, Copur et al. 2015, Ferrari et al. 2015, Guo et al. 2015, Sharma and
Chakrabarti 2016, Vasquez and Logomarsino 2016). This is in spite of iron deficiency per
se being the subject of intense research efforts in pulmonary vascular and cardiovascular
diseases. The findings from Study C support the view that attention should be directed

towards iron deficiency in COPD irrespective of the presence or absence of anaemia.

An observational study cannot establish the exact pathophysiological mechanisms at work,
particularly with respect to the relationship between iron deficiency and hypoxaemia.
Irrespective of the underlying mechanisms, though, both the high prevalence of iron
deficiency in COPD and the novel association of iron deficiency with hypoxaemia are
potentially of considerable clinical significance from an interventional perspective.
Potential confounding effects of disease severity and inflammation should not be a deterrent
to investigating whether correction of iron deficiency is of clinical benefit. Hypoxaemia in
COPD occurs more commonly in those with more severe disease, but it does not follow
that it is simply a marker; we know its correction improves morbidity and mortality from

clinical trials of LTOT.

What is required next is an interventional study using IV iron to correct iron deficiency in
COPD and assess whether this brings significant benefits. If iron replacement were to
ameliorate hypoxaemia or inflammation — the latter effect having been observed in a select
group of patients with CHF, as already mentioned (Toblli et al. 2015) — this would provide
valuable insight into the pathophysiology of the condition. At least two studies of IV iron

in COPD are now underway (NCTO02416778, ISRCTN09143837). An additional
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therapeutic option that appears attractive based on the results of the present study would be
to antagonise hepcidin signalling. Hepcidin antagonists have been reported to be efficacious
in animals (Cooke et al. 2013), and might prove valuable for combatting iron sequestration
in COPD, provided that such agents do not have deleterious consequences for innate

immunity or acquisition of iron by pathogens.
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By investigating otherwise healthy humans, Study 4 and Study B determined the effects of
iron deficiency on physiological processes known to depend on oxygen-sensing pathways.
First, absolute iron deficiency was seen to augment HPV — making the pulmonary
vasculature behave as if it were exposed to more marked hypoxia than was actually the
case. Next, iron-deficient individuals were found to have abnormally high circulating levels
of erythropoietin, which fell in response to IV iron — implying that the kidney interpreted
an iron-deficiency signal as an oxygen-deficiency signal. Finally, upregulation of
glycolysis was evident in exercising iron-deficient humans — as if oxygen were less
available to support skeletal muscle metabolism than was truly the case. It is difficult to
reach a conclusion other than that the operation of a common pathway or pathways,

sensitive to the abundance of both oxygen and iron, underlies these phenomena.

These studies were predicated on numerous previous experiments using manipulation of

iron bioavailability in cells, animals and humans, as well as studies in genetically modified
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animals, and humans with heritable disorders of oxygen sensing. What they demonstrate is
that the effect of iron deficiency predicted from the molecular biology of the HIF-
hydroxylases does play through to physiological significance. However, irrespective of the
motivation for this work, it must be acknowledged that to view the HIF-hydroxylases as
the sole or even most important point of intersection of iron and oxygen sensing in humans
would be misguided. The IRE-IRP system adds another level of complexity, and the 2-OG-
dependent dioxygenases that require iron as a cofactor are themselves a very large and
diverse family of enzymes. Effects of iron deficiency on pathways other than HIF may
explain, for example, why both the studies presented here and previous experiments have
not found an effect of iron status on human ventilation. Similarly, that pVHL has important
roles to regulate pathways other than HIF, may partly explain the augmented ventilation
and defect of mitochondrial oxidative phosphorylation seen in CP patients, but not healthy

humans with iron deficiency.

By whatever mechanisms iron deficiency is acting to alter physiological responses to
hypoxia, we must ask what the clinical implications are. An early report of the

consequences of profound dietary iron deficiency in animals observes:

“The pigs became dull and listless, their skins became intensely
white...and...the breathing became pumping in character...Sudden
death became a common event, until whole litters perished one after
the other. On post mortem examination...The heart would be found so
dilated as actually to fill almost the entire chest cavity, the lungs being
crushed back and collapsed until they were confined in the angle
between the bodies of the vertebrae and the ribs. There was great
effusion into the pericardial cavity, as also into the pleural cavity, and
the lungs were oedematous...The blood was extremely watery and

pale.” (McGowan and Crichton 1923)
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It might be argued that we have come a long way since this description, in that we now
understand, of course, that the features described here of high-output cardiac failure arise
due to the profound anaemia that inevitably develops if iron deficiency is left unchecked
for a sufficient period of time, and that they might equally well arise from an anaemia of
any cause. Yet, if we consider CHF in particular, we find overwhelming evidence of a direct
deleterious effect of iron deficiency, independent of anaemia, and this increasingly seems
to be the case for other chronic cardiopulmonary conditions. What are the mechanisms
underlying this effect? This thesis strongly supports the possibility that the pseudo-hypoxic
signal generated by iron deficiency may be harmful in conditions where there is already
tissue hypoxia or frank hypoxaemia. The notion that iron deficiency may directly contribute
to PH in IPAH and COPD is intuitively appealing, as is the possibly that impaired oxidative
metabolism in the skeletal muscle of patients with chronic cardiopulmonary disease might

be ameliorated by iron supplementation.

In Study C, hypoxaemia was found to associate with iron deficiency in COPD, highlighting
the complexity of the interactions between hypoxia, iron homeostasis, and inflammation.
Studies of IV iron supplementation in this and similar conditions are likely to shed light on
the mechanisms underlying this association, and are urgently needed if the therapeutic

potential of manipulation of iron status as a tool to treat human disease is to be realised.

Finally, the results of the experiments described in this thesis have general implications for
any investigator concerned with the biology of iron and oxygen. This author would suggest
that any experiment addressing the effects of hypoxia, whether it be in a single cell or whole
organism, must pay proper attention to iron bioavailability. Equally, studies of iron biology
will not reach secure conclusions if the very significant effects of hypoxia on the pathways

that govern iron homeostasis are neglected.
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Appendix A: Contributions

The studies in healthy volunteers and patients presented in this thesis involved invasive
procedures and experimental techniques carrying certain risks. They could not have been
designed and safely executed by a single individual. Additionally, certain aspects of the
protocols, including randomisation and the requirement for blinded analysis of data, also
necessitated the involvement of individuals other than the author of this thesis, in the
interests of scientific rigor. Below are listed other individuals who have contributed to the
execution of the studies presented herein. For Study C, unless otherwise stated,
contributions are towards the work in patients with COPD rather than the healthy volunteer
control cohort; the latter group were drawn from a separate study run by Dr Hung-Yuan
Cheng, whom I thank for his allowing me access to their anonymised data. Notwithstanding
these contributions, analysis and interpretation of data reported herein was undertaken

entirely by the author under the supervision of Prof Peter A Robbins.

Study A

Dr Annabel H Nickol — Chief Investigator; conception and design of study; assistance in
securing ethical approval.

Dr Hung-Yuan Cheng and Dr Keith L Dorrington — assistance recruiting participants;
support running normobaric chamber apparatus.

Dr M Kate Curtis and Karen A Pollard — assistance with ELISAs.

Prof David J Roberts and Dawn Goodwin — recruitment of iron-deficient blood donors.

Prof Sir Peter J Ratcliffe — conception and design of study.
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Study B

Maj David A Holdsworth — assistance running MRS and CPET experiments; blind
processing of CPET data.

Dr Andrew W Johnson — blind processing of MRS data.

Dr Keith L Dorrington — assistance recruiting participants; randomisation.

Prof Damian J Tyler — programming sequence for acquisition of MRS data.

Prof David J Roberts and Dawn Goodwin — recruitment of iron-deficient blood donors.

Prof Sir Peter J Ratcliffe and Dr Pete J Cox — conception and design of study.

Study C

Dr Annabel H Nickol - Chief Investigator; conception and design of study; securing ethical
approval, recruitment of participants.

Dr F Maxine Hardinge — conception and design of study; recruitment of participants.

Dr Hung-Yuan Cheng and Dr Keith L Dorrington — conception and design of study;
recruitment of participants (healthy volunteer component).

Anne McGahey, Bethan M McFadyen and Tara Harris-Wright — Cohort patient care;
patient assessments; collection of venous blood samples.

Dr M Kate Curtis, Dr Nayia Petousi, Shivani Khandwala, Karen A Pollard, Dr Andrew E
Armitage, Prof Hal Drakesmith — assistance with ELISAs.

David P O'Neill — programming of MATLAB algorithm for blind matching of COPD
patients with healthy controls.

Prof Sir Peter J Ratcliffe — conception and design of study.
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