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Abstract

The purpose of this review article is to provide a comprehensive review of iron
deficiency in the setting of pulmonary arterial hypertension (PAH) and to
evaluate the utility of iron supplementation in PAH. Iron deficiency is present
in 33%-46% of patients with PAH and has been associated with reduced
exercise capacity, compromised oxygen handling, deterioration of right
ventricular function, and even mortality. Iron homeostasis and the patho-
physiology of PAH are highly intertwined, which has inspired the use of iron
supplementation in patients with iron deficiency and PAH. A literature search
was performed to identify all available evidence on iron supplementation for
PAH. Limited evidence has suggested poor oral bioavailability of oral iron
dosed three times a day, but newer formulations such as ferrous maltol may
provide better absorption and clinical benefit, especially when dosed less
frequently, such as every other day. Intravenous (IV) iron has been shown in
observational studies to improve outcomes, but the single randomized control
trial in patients without anemia has failed to show benefits in any measure of
exercise tolerance. Larger randomized control studies on oral iron with good
bioavailability or IV iron in patients with anemia are warranted to explore the
potential utility of iron supplementation in patients with PAH.

KEYWORDS
anemia, iron deficiency, pulmonary arterial hypertension

and treatment strategies, PH is classified into five

HYPERTENSION BACKGROUND

Pulmonary hypertension (PH) is defined as an elevated
mean pulmonary artery pressure (mPAP) of >20 mm
Hg at rest, according to the 6th World Symposium on
Pulmonary Hypertension.' The elevated mPAP can be
caused by abnormalities in the precapillary pulmonary
arterioles, postcapillary pulmonary veins due to an
increased left atrial pressure, or a combination of both
(Table 1). To better categorize conditions on the basis
of similar presentation, hemodynamic characteristics,

© 2022 American Society for Parenteral and Enteral Nutrition.

clinical groups by the World Health Organization
(WHO) (Tables 2 and 3). Pulmonary arterial hyper-
tension (PAH), classified as WHO Group 1 PH, is a
type of precapillary PH characterized by an elevated
pulmonary vascular resistance (PVR) of 23 Wood units
and a normal preload measured by pulmonary artery
wedge pressure of <15mm Hg (Table 1).> PAH is a
serious but rare cardiopulmonary disease affecting
15-50 persons per million within the United States and
Europe, with a 7-year survival rate of only 49%.%*
Elevated PVR can cause increased resistance for the

Nutr. Clin. Pract. 2022;37:1059-1073.
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TABLE 1 Hemodynamic profiles of PH
Mean pulmonary artery Pulmonary arterial Pulmonary vascular

Classification pressure, mm Hg wedge pressure, mm Hg resistance, WU

Isolated precapillary PH >20 <15 >3

Combined precapillary and >15 >3

postcapillary PH
Isolated postcapillary >15 <3

Abbreviations: PH, pulmonary hypertension; WU, Wood units.

right ventricle (RV), leading to RV hypertrophy and,
ultimately, right heart failure.

Several conditions are associated with PAH, includ-
ing connective tissues (such as scleroderma, systemic
lupus erythematous, and mixed connective tissue dis-
ease), drug and toxins (methamphetamines, phenter-
mine), certain congenital heart diseases with uncorrected
left to right shunt, HIV, schistosomiasis, and cirrhosis
with portopulmonary hypertension. Genetics may play a
role in PAH as well. Heterozygous bone marrow protein
receptor type 2 (BMPR2) mutation plays a role in
approximately 75% of familial PAH and up to 25% of
those who do not have a family history of PAH.” BMPR2
encodes the type 2 receptor for the bone marrow protein
that is crucial for vascular cell proliferation.

The pathophysiology of PAH involves an overproduc-
tion of vasoconstrictors and downregulation of vasodila-
tors, leading to increased vascular resistance. In addition,
the imbalance of these mediators may cause proliferative
dysregulation, leading to obstructive pulmonary vascula-
ture remodeling with aberrant intraluminal angiogenesis
and an increased tendency of thrombosis.® Currently,
three mediators have been explored as medical therapy
targets, including nitric oxide (NO), prostacyclin, and
endothelin-1 (ET-1). NO is a potent vasodilator of the
lung arterioles and an inhibitor of platelet activation and
vascular smooth muscle cell proliferation. NO levels have
been observed to be lower in patients with idiopathic
PAH and have also been correlated with more severe
disease.”® Another vasodilator, prostacyclin, is an
arachidonic acid metabolite that also has platelet
inhibition activity. Both prostacyclin synthase and
prostacyclin metabolite have been shown to be lower in
patients with PAH, highlighting the role of prostacyclin
in the pathophysiology of PAH.”'° By contrast, ET-1, a
potent vasoconstrictor that promotes vascular smooth
muscle cell proliferation, is higher in PAH."* ET-1 has
also been shown to be inversely correlated with pulmo-
nary blood flow and cardiac output.'?

Current therapies mainly aim to restore the balance
by decreasing ET-1 (eg, endothelin receptor antagonists)
and increasing NO-mediated vasodilation (eg, soluble

guanylate cyclase stimulators and phosphodiesterase 5
inhibitors) as well as prostacyclin analogues and
agonists. Other supportive therapy, including diuretics,
oxygen, and oral anticoagulants, has been suggested by
the 2015 European Society of Cardiology and European
Respiratory Society (ESC/ERS) PAH guideline as well.”
However, these therapies may improve symptoms and
slow the progression of the disease, but they do not cure
the disease. With an increased understanding of nutri-
tion insufficiency in PAH, some have turned to nutrition
supplementations as new approaches to improve
patients’ quality of life and exercise tolerance, such as
iron supplementation.

IRON DEFICIENCY IN PAH

Iron deficiency is commonly observed in PAH, with an
estimated prevalence of 33%-42% of patients with
precapillary PH, 43%-45% of patients with idiopathic
PAH, and 46% of patients with systemic sclerosis-
associated PAH."*"'° The consequences of iron deficiency
in patients with PAH have been reported regardless of
the presence of anemia, including reduced exercise
capacity measured by 6-min walk distance (6MWD), as
well as compromised oxygen handling, including
reduced oxygen transport and consumption at skeletal
muscle level.'*'7"'® Some studies also found that iron
deficiency is associated with an increased mPAP,
reduced cardiac index (CI), deterioration of RV function,
worse New York Heart Association (NYHA) functional
class, and even mortality."*'®** Considering these
negative outcomes of iron deficiency and potential
benefit of optimizing iron status, current PAH guidelines
recommend intravenous (IV) iron supplementation in
patients with PAH and iron deficiency or anemia.’

Iron is involved in multiple important physiologic
processes, including immune surveillance, cellular pro-
liferation, and the mitochondrial respiratory chain.*'
Most important, iron is essential for oxygen transport, by
facilitating the production of hemoglobin in erythrocytes
and myoglobin in the heart and skeletal muscle."* When
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TABLE 2 WHO classification of PH
1. PAH

1.1. Idiopathic PAH (iPAH)
1.2. HeriTable PAH
1.3. Drug and toxin-induced PAH (see Table 3)
1.4. Associated with
1.4.1. Connective tissue disease
1.4.2. HIV infection
1.4.3. Portal hypertension
1.4.4. Congenital heart diseases
1.4.5. Schistosomiasis
1.5. PAH long-term responders to calcium channel blockers
1.6. Pulmonary veno-occlusive disease (PVOD) and or
pulmonary capillary hemangiomatosis (PCH)
1.7. Persistent pulmonary hypertension of the
newborn (PPHN)

2. PH due to left heart disease

2.1. PH due to heart failure with preserved LVEF
2.2. PH due to heart failure with reduced LVEF
2.3. Valvular disease
2.4. Congenital/acquired cardiovascular conditions leading
to postcapillary
3. PH due to lung disease and/or hypoxia

3.1. Obstructive lung disease

3.2. Restrictive lung disease

3.3. Other lung disease with mixed restrictive/obstructive
pattern

3.4. Hypoxia without lung disease

3.5. Developmental lung disorders

4. Chronic thromboembolic pulmonary hypertension
(CTEPH)

4.1. Chronic thromboembolic pulmonary hypertension
4.2. Other pulmonary artery obstructions

5. PH with unclear multifactorial mechanism

5.1. Hematologic disorders

5.2. Systemic and metabolic disorders
5.3. Others

5.4. Complex congenital heart disease
5.5. Sarcoidosis

Abbreviations: HIV, human immunodeficiency virus; LVEF, left ventricular
ejection fraction; PAH, pulmonary arterial hypertension; WHO, World
Health Organization.

iron deficiency occurs, oxygen supply is reduced and
erythropoiesis is impaired, resulting in anemia, which is
defined as a hemoglobin level <13 g/dl in adult males
and <12g/dl in adult nonpregnant females (Table 4).>>
Anemia has been associated with decreased cardiac
function, reduced quality of life, and neurological
impairment.”' Interestingly, when a small group of
patients with iron deficiency and PAH were compared
according to their anemia status, there was no significant

difference in exercise capacity, suggesting that iron
deficiency may be an independent factor from anemia
that affects functional status in PAH.'*

Iron homeostasis, anemia, and the pathophysiology of
PH are tightly intertwined (Figure 1). Iron absorption is
tightly regulated by hepcidin. High concentration of iron in
the gastrointestinal (GI) tract induces hepcidin production,
which reduces iron absorption and maintains iron
homeostasis.>"* In patients with PAH, inflammation of the
pulmonary vasculature can induce hepcidin expression,
causing undesirably impaired iron absorption. Iron, in turn,
also has immunomodulatory effects, such as the regulation
of T-cell polarization and dendritic cell function.** Addition-
ally, iron deficiency mimics a state of hypoxia, which can
induce vasoconstriction and pulmonary vasculature remo-
deling, both of which are central to the pathophysiology of
PAH. Hypoxia can also cause an increased production of
erythropoietin by the kidney, which in turn increases iron
consumption through erythropoiesis. Furthermore, hypoxia
can cause inflammation to occur through the release of
cytokines and subsequently reduces iron absorption by
raising hepcidin levels.® Endothelial dysfunction is related to
iron as well, because iron affects NO and ET-1 production
and modulates endothelial adhesion molecules. Lastly,
vascular remodeling has been related to iron deficiency.
For example, patients with PAH and BMPR2 deficiency
experience a proinflammatory state that promotes vascular
remodeling and stimulates hepcidin expression, eventually
leading to iron deficiency."*'***

The definition of iron deficiency varies among clinical
trials, involving biomarkers such as ferritin, transferrin
saturation (TSAT), soluble transferrin receptor (sTfR), and
sTFRF index (STfR/log ferritin) (Table 5)."* Chronic disease
with prominent inflammation can raise ferritin and lower
serum iron levels and TSAT, but it does not influence sTfR.%
The sTfR index and C-reactive protein level may be the best
prognostic biomarker for clinical impairment associated with
iron deficiency. A more simplified method that uses sTfR
alone as a single marker (>4.5mg/L for women and
>5.0mg/L for men) also provides good prediction for the
association between iron deficiency and clinical outcome."
Unfortunately, sTfR is not routinely available outside of
research setting. One example of a commonly used definition
in practice is serum ferritin <100 mcg/L or serum ferritin
100-299 mcg/L and TSAT <20%.

ORAL IRON FOR IRON
DEFICIENCY IN PAH

Oral iron is an inexpensive, safe, and effective way to
replete iron for most patients with uncomplicated and
nonemergent cases of iron-deficiency anemia. Compared

85UBD17 SUOWIWOD 8A181D 3(edldde 3y Aq peusenob 8 Ssoile YO SN JO'S3INJ o} Akeiq18UlUO A1 UO (SUORIPUOD-PUR-SWBHW0D A8 | 1M AeIq Ul uo//Sdny) SUORIPUOD pue swie | 841 88S *[£202/c0/9T] Uo Akiqiauliuo A8|1Mm eiuioyieD JO Aisienun Aq #8801 dou/zo0T 0T/I0p/L0o A3 1M Akeiq jpuljuo's feuino fusdse//sdny wiouy pepeo|umoq ‘G ‘220z ‘ZSvZTyeT



1062 LAN ET AL.
TABLE 3 Risk level of drugs and toxins known to induce pulmonary arterial hypertension

Definite Likely Possible

« Aminorex « Amphetamines « Cocaine

« Dasatinib
« L-tryptophan

« Fenfluramine

+ Dexfenfluramine

« Toxic rapeseed oil

» Benfluorex

Selective serotonin reuptake inhibitors
(maternal use linked with persistent PH of the
newborn)

Abbreviation: PH, pulmonary hypertension.

« Phenylpropanolamine
« St John's wort

« Methamphetamine « Amphetamine-like drugs

Interferon o and 8
« Some chemotherapeutic agents such as alkylating
agents (mitomycin C, cyclophosphamide)

Adapted from the 2015 European Society of Cardiology/European Respiratory Society guidelines for the diagnosis and treatment of PH by Gali¢ et al.’

TABLE 4 World Health Organization definition of anemia

NoremaEmin Anemia hemoglobin, g/dl
Population hemoglobin, g/dl Mild Moderate Severe
Children 6-59 months of age 211.0 10.0-10.9 7.0-9.9 <7.0
Children 5-11 years of age >11.5 11.0-11.4 8.0-10.9 <8.0
Children 12-14 years of age >12.0 11.0-11.9 8.0-10.9 <8.0
Nonpregnant women (215 years of age) 212.0 11.0-11.9 8.0-10.9 <8.0
Pregnant women =11.0 10.0-10.9 7.0-9.9 <7.0
Men (215 years of age) 213.0 11.0-12.9 8.0-10.9 <8.0
/ Inflammation Hypoxia \

PH is associated with perivascular immune cell infiltration and
cytokine release

Causes M hepcidin = | iron absorption

Iron modulates T-cell polarization, controls cytokine production,
and affects dendritic cell and macrophase function

Pulmonary artery

Endothelial dysfunction
Nitric oxide and endothelin-1 production is iron dependent

Iron deficiency induces endothelial adhesion molecules >

inflammation

Iron homeostasis
Anemia

Iron homeostasis is regulated by pulmonary hypertension-

Some signaling pathways (eg, bone morphogenetic protein

Induces vasoconstriction and pulmonary vascular
remodeling

Induces erythropoiesis = " iron utilization

Causes inflammation through the release of cytokines

hypertension

Vascular remodeling

Iron affects pulmonary arterial endothelial cells

associated growth factor overexpression

pathway) are implicated in iron hemostasis and vascular
remodeling

FIGURE 1

with IV iron, oral iron is more accessible and convenient,
as it eliminates the need for IV access and the potential
for infusion reactions or anaphylaxis. There are a few
oral iron products available on the US market, with
varying percentages of elemental iron (Table 6). GI side
effects are the most common adverse events with all

The interplay of iron homeostasis, anemia, and pulmonary arterial hypertension. Adapted from Sonnweber et al.*!

types of oral iron, including nausea, black stool,
flatulence, constipation, epigastric distress, metallic taste,
and vomiting.***> A systemic review with >10,000
patients showed that GI side effects were seen in 32.3%
with ferrous sulfate, 47% with ferrous fumarate, and
30.9% with ferrous gluconate. Enteric coating seemed to
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TABLE 5 Examples of various definitions of iron deficiency
ID definition 1
ID definition 2

ID definition 3

ID definition 4

ID definition 5

Serum ferritin <30 mcg/L and TSAT <16%
Serum ferritin <100 mcg/L and TSAT <20%

Serum ferritin <100 mcg/L or serum ferritin 100-299 mcg/L and
TSAT <20%

STfR >4.5mg/L for women and >5.0 mg/L for men

STFRF index >3.2 if CRP level is <0.5 mg/dl, or sTFRF index >2 if
CRP level is >0.5 mg/dl

Abbreviations: CRP, C-reactive protein; ID, iron deficiency; sTfR, soluble transferrin receptor; STFRF, soluble transferrin receptor-ferritin; TSAT, transferrin

saturation.

improve the GI side effect profile, but it was associated
with reduced absorption.*> Ferrous sulfate was found in
another systemic review to have an odds ratio of 3.05
(95% confidence interval, 2.07-4.48) for GI side effects,
compared with IV iron. A subgroup analysis in patients
with inflammatory bowel disease or pregnancy showed
similar findings.**

Ruiter and colleagues'* found oral iron dosed three
times daily to be poorly absorbed in patients with PAH
(Table 7). In this observational study, oral iron (ferrous
fumarate 200 mg three times a day) was given to 21
patients with iron deficiency for 4 weeks. Three patients
did not complete the course, owing to constipation and
nausea. Of the 18 patients who completed the course,
only two patients significantly increased their serum iron
levels after 4 weeks. Additionally, 44% of patients did not
have notably increased serum ferritin. There were 14
patients who still had TSAT values below normal after
treatment. The authors suspected that the small response
to oral iron suggested impaired iron uptake, which may
be attributed to GI edema, decreased iron release from
storage sites or enterocytes due to inflammation, and
increased hepcidin levels induced by high levels of
interleukin 6. This study, however, was limited by its
small sample size, observational nature, and a lack of
controls. Iron dosing may also play a role in oral
absorption, as recent data suggested less frequent dosing,
such as dosing every other day, may induce less
interference with hepcidin, improve GI tolerability, and
lead to better absorption.?®

New formulations of iron are also developed to
improve absorption. One study investigated the effect of
pyrophosphate sucrosomial iron, which is a formula-
tion of ferric pyrophosphate with a phospholipid
bilayer and a sucrester matrix with ascorbic acid.?®
This innovative formulation demonstrates higher iron
bioavailability and improved GI tolerance. In this
study, pyrophosphate sucrosomial iron 30mg daily
was administered in five patients with idiopathic PAH

and iron deficiency for 16 weeks. At week 16, the
6MWD was significantly improved (500 [390-500] vs
530 [410-550] m; P =0.043), although the iron status
was not significantly changed compared with baseline.
The authors concluded that treatment with oral
sucrosomial iron was a potential therapeutic option
for patients with PAH. This study was extremely
limited by its small number of participants who
received iron and the lack of statistical analysis that
compares the treatment and a matched control group.
Moreover, this iron formulation is not available on the
Unites States market. Larger prospective randomized
control trials are needed to validate the results.

Another iron preparation that is available on the
market, called ferric maltol, was evaluated in the Oral
Iron Supplementation with Ferric Maltol in Patients with
Pulmonary Hypertension (ORION-PH) study.?” Ferric
maltol 30 mg twice a day for 12 weeks was administered
in 22 patients with PH and iron deficiency. Included
patients had hemoglobin levels of 7-12 g/dl for female
patients or 8-13g/dl for male patients, serum ferritin
<100 mcg/L or 100-300 mcg/L, and TSAT <20%. There
were 14 patients with PAH, 1 with PH due to left heart
disease, and 7 with inoperable chronic thromboembolic
PH. All patients were receiving medical treatment for
PH. Compared with baseline, patients had significantly
improved iron status, including hemoglobin, serum iron,
TSAT, and ferritin. There was also significant improve-
ment in 6MWD and N-terminal-pro hormone brain
natriuretic peptide (NT-proBNP). Signs of significantly
better RV function, manifested as decreased RV dimen-
sions and increased RV fractional area change, were
observed. Functional class was improved in five patients
and unchanged in the remaining patients. Ferric maltol
was found to be well tolerated, with only two patients
stopping the trial early because of GI side effects and
pneumonia, respectively. Although this was a small,
open, and unanonymized trial, the preliminary positive
results were encouraging.

85UBD17 SUOWIWOD 8A181D 3(edldde 3y Aq peusenob 8 Ssoile YO SN JO'S3INJ o} Akeiq18UlUO A1 UO (SUORIPUOD-PUR-SWBHW0D A8 | 1M AeIq Ul uo//Sdny) SUORIPUOD pue swie | 841 88S *[£202/c0/9T] Uo Akiqiauliuo A8|1Mm eiuioyieD JO Aisienun Aq #8801 dou/zo0T 0T/I0p/L0o A3 1M Akeiq jpuljuo's feuino fusdse//sdny wiouy pepeo|umoq ‘G ‘220z ‘ZSvZTyeT



19412452, 2022, 5, Downloaded from https://aspenjournas.onlinelibrary.wiley.com/doi/10.1002/ncp.10884 by University Of California, Wiley Online Library on [16/03/2023]. See the Terms and Conditions (https://onlinelibrary.wiley.com/terms-and-conditions) on Wiley Online Library for rules of use; OA articles are governed by the applicable Creative Commons License

LAN ET AL.

1064

SSaIsIp
[europqy
UOT)U)SIP
[euruopqy
Qoudrnyerd
UOT}BIO[0SIP
aurn
uInqyesyq
BOYLIRIQ
UOT}BIO[0SIP
rerueq
SunrwoA
sdurerd yoewols
BISNEN
S[003S
Jo Suruayreq
uonjednsuo)

SJO3JJO ISIAPY

UOIl [eIUSWII[D
Jo sureadru
Y} SI aweu
Y} Ul IaquInu Y],
AMIN U0 10 Aep I9130 KI9Ad 90UO

(pmbry se juareamba 10 191qe) SU0) /3w 5T
UOII [BIUSUIS[D JO W 00Z-0S [w/Sw 61
3w 091/3u 05
Swgpr/3w sy
Sur gze/3ur 59
[w/Sw gy
AMIA U0 I0 Aep I3y30
K199 9ouo (pmbry se jusreamnba
10 J3[qe} SUO) UOII [BJUSWI[S JO SuI 9 [w/Sw g1
AMIN Uo 10 Kep
1910 AI9A9 90UO UOII [BIUSUWI[D
Jo 3w 09-0¢ 10301d syradxo
owos ‘(Surfeqer s 9INjoBINULRUL)
A[rep 901} UOII [BJUSWIA Jo S O 8w og

Sw gze 10 pre/Sw gL

8w 96z/3w g7
LI 1O 8w opz/3w LT

J0 Aep 19430 AI19A9 9oU0 (39198}
9UO) UOII [R)USWLR Jo Sw gc—LT Sw opg/3w Lz

191q®) 1od Sw 67

Sw /8w 901

AMIN U0

J0 Aep 19430 AI19A9 doU0 (39198}
9U0) UOII [BIUSWI[ JO S OST-6T

191q®) 12d St OgT

Sw gze/3w 901

Sursoq (pmbry) TayrpIITUX
I0 (391q®3) wreaSru

J13d uoar TeyudwAg

*I9JUNO0D-3Y}-I3A0 ‘D0 ‘Aepliq pue ‘Kepsaupap ‘AepUOIN ‘TMIA ‘OSBI[dI PIPUIXd YH :SUONRIAIQQY

0GT uoIf

-K10d ‘00T DId ‘0ST WOI[-nN

‘0S WNIIdJBAON ‘0ST UOIJAIN ‘0ST

XAIOT ‘0ST X-OLLId ‘OST X119
‘00T dAZd :sa[nsded DO snolep

pmbr (DLO) STT wnisyeARN
sdoip (DLO) WNLIDJBAON

19198} Y4 SW 09T (DLO) UOIL MO[S
101q9e3 ¥H SW zHT (DLO) o MO[S

191q®)
Sw gze (DLO) [NSOIS 10 [NSNOLId

1X1pe Tw 6/3uw 0zz (D10) NSoIad

uonnjos [w/w sz (DLO) 10S-UI-Tod
uonnjos [uw
/8w sz (DLO) UoI] BIP3d PaIddoId g

a[nsded
Sw o¢ (uonduosaid) Y9INIDIV

191qe) SW ST¢ 10 HTE LU

191qe} SW 9G7 OLIUD

19[qe) Sw 0§ 01U

19198} Sw 0tZ (DLO) uosiag

19[qe) SUI 7 UOII [RJUSWI[ :OLIQUID)
191qe} SW HZ€ :OIIUD

191qe1 (DLO) OST UIWILIS]

19198} Sw 5z¢ (DLO) ShetIad

SouIeu puelrq/uore[NULIO} PIJII[S

UOII [BJUSW[d
JO junowre
oy} se pajeorpul
st 3duams asoq

xardwod
UOJI-9PLIBYIJBSA[0d

%0€—%0C 3JBJINS SNOLId]

o[nsdeo 1ad
[0o3ewiLy Sw S 107
PIm paxd[duwod
UOIT [RJUWID

Sw o¢ sureiuo) [03[BW OLLIS]

%1 91eu0oN[3 SNOLIDg

%EE djerewiny SnOIIdJ

(31eS TRIdUTI uonjeredaad uoay
Jo wrexSipru

13d) uoar reyuswAg

Arewrwuns Adeiay) juowraoe[dor uorr 10 9 HIdV.L



19412452, 2022, 5, Downloaded from https://aspenjournas.onlinelibrary.wiley.com/doi/10.1002/ncp.10884 by University Of California, Wiley Online Library on [16/03/2023]. See the Terms and Conditions (https://onlinelibrary.wiley.com/terms-and-conditions) on Wiley Online Library for rules of use; OA articles are governed by the applicable Creative Commons License

1065

*0UB)SIP-Y[eM-UTW-9 ‘MIN9 PIsearour
‘1 ‘uonyeziue31Q YIEIH PHOM ‘OHM ‘UoneInjes urLusjsuen) ‘LysSl opndad oneinineu ureiq suourioy oxd-reuruial-N ‘dNgoid-IN ‘o[qeordde jou “y/N oeur ‘N ‘urqoiSowray ‘qSH ‘orewaj ‘ :SUONRIAIqQY

"pajels ASIMIAYIO ssoTun ‘[afuer a[nrenbiojul] ueIpaw 10 (%) U ‘S F UBOW Se pajussaid oIe eje( SoJON

1600=d
'SSB[O [RUONIOUN] OHM Ul Jusuraaoiduwy e
(€000=d)

[+8v-091] 86T sA [206-+SZ] 96+ :dANFOId-IN
($00'0=d) W TET F I8¢ SA L¥T F TEE :AMNGY *
(1000>d) IP/SETF9ET SA 60F L°0T :q8H

(1000 > d) (%¥9) ¥1=u :HVd

%9'61 F %LTE SA %HT'E F %S'L "LVSL * (%28) 81 =1 4
(z=u) prod (1000 > d) s1eak (TL-6¥) LS

(€ = u) eoy1relq /30w §'6T F9°9€ SA L9 F T'T unuIsg « :([e8uer] uerpsur) o3y
(T =u) eruownaug (1000 > d) (W] 1p/3 €1-8 “[4]

'S199JJ° 9pIs (T/Towr L TT F £°6T SA 0T F 'S (UOIL WINIAS « Ip/821-L :98H) %0T> LVSL Apnjs [eUOnEAIISqO
JO 9snedaq juaweaI) RIWAUE AOUSIOIJIP syoam T 10§ pue /30w 00E-001 PEILEREEI 10
119)J€ SA 910J9q SYoIMm 7T . .
Jo syoam T 9)91dwod -uoll pey [[V  Aep & 2013 A[[eIO = unuIdg [oqer-uado ‘eanerordxg

jou pIp syuaned omJ, Apnis pajerdwiod syusned oz =N Sw g [o)ewW OLID YO T/30W 0OT> UNLLIST Lz T8 10 Uoss|o
(e¥0'0=4d)
w [0SS-0TF] 0€S sA [00S—06€] 00S :AMIN9 *
(989°'0=4d)
[%€1-%6] %01 SA [%¥T-%0T] %TT ‘LVSL * syoom
(989°0=4d) BIUIOUR o1 105 Sw oL

P/3[S€T-HTT] ¥ SA [L€T-8°CT] L'€ET :q8H -
(s1L°0=4d)
/30w [$2-02] TT SA [$2-ST] 9T :UNLLIDJ WNIoS o

INOYIIM IO TIIM
pue Aousiap
UOIL M IV

PIOE 01q100SE
pue A[jero Su o
UOII [EIWOS0IINS

Apnjs TEUOT)BAISSQO
[°qer-uado

(W) %0T>
10 (d) %ST> LVSL

NUTRITION IN CLINICAL PRACTICE

V/N :19)JB SA 910J9q SYoaM 9T S=N reydsoydoikg ANV T/1owr 1> uoif oz T8 39 oIy
[9AS] UNIIISY
RES:ﬁ :ow@wh jou Iv% mﬁunwa @3& 8:500>d erusue
/30w 0 F Z€ SA L F TT :UNLLIdJ WNIAS « TNOTIIM 10 Wi
"BISNEU pue LVSL [eULiou qogs1 04 pue Aoudonep Syoom ¥ 10]

uonednsuod Jo asnesaq
38102 a2y 9391duwrod
jou pIp syuaned 231Y],

Kyayes

pip syuaned $1 ‘%b F %CT SA %E F %6 JLVSL *
sjusped ¢ ur ApueoyrusSis | [UOIl WNIAS .

:I9)J€ SA 910J3q SYAIM

Aseoryq

uoIr yIMm [V
A1V

1C=N
SOTISLId)ORIBYD
jusaned

Aep © sawny 291y
Aqrero Sw 00z
JleIBWIN] SNOLId

Sursop uoag

(W) %0T>

10 (d) %ST> LVSL
ANV T/1owr oT> uoi]
Adusanyap
UoII Jo uonIugaq

Apnjs [BUOTIBAISSQO
1°qer-uado
o T8 19 19y

Apmig

HVd ur AOUS101jop uoil J0J UOII [eI0 UO SAIpMIs jo Arewruing £ 4194 V.L



1066 |

LAN ET AL.

IV IRON FOR IRON DEFICIENCY
IN PAH

The utility of IV iron is expanding, as it can circumvent
the absorption issue and avoid GI side effects commonly
seen with oral iron. At the time of writing this review,
there were six formulations of IV iron available (Table 8).
IV iron also has some limitations, including the potential
to cause allergic or infusion reactions, including urti-
caria, palpitation, facial flushing, and myalgias, as well as
life-threatening anaphylaxis. However, anaphylactic
reactions are extremely rare but are more commonly
seen with iron dextran.”’ One retrospective study has
found that compared with ferric carboxymaltose (FCM),
iron dextran carries a 12-fold greater risk of anaphylaxis.
Other formulations, such as ferumoxytol, ferric gluco-
nate, and iron sucrose, carry a 5-fold, 2-fold, and 1.5-fold
greater risk compared with FCM, respectively.*

IV iron is also more expensive than oral iron. Many
insurance plans require documentation of treatment
failure or intolerance with oral source before authorizing
the infusion.’*" According to an analysis done by the
Health Care Cost Institute in 2017, private health plans
paid $4316 per visit for FCM, $3087 for ferumoxytol,
$1502 per visit for iron dextran, $825 per visit for iron
sucrose, and $412 for sodium ferric gluconate complex.**

In the past decade, IV iron supplementation has been
shown to improve cardiovascular and functional out-
comes in patients with heart failure with or without
anemia.’>*"* Several heart failure guidelines now
recommend iron supplementation in patients with iron
deficiency and heart failure to improve functional status,
quality of life, and exercise capacity.**° Such promising
results have also triggered the investigation of using IV
iron in PAH.

Viethen and colleagues explored the therapeutic
potential of IV FCM by administering a single infusion
of <1000 mg in 20 patients with iron deficiency and PAH
with or without anemia (Table 9).>” All patients were
assessed at baseline and at 2 months after iron treatment.
Compared with baseline, the study found a significant
improvement of iron status (serum iron, ferritin, TSAT),
anemia status (hemoglobin, mean corpuscular volume),
and quality of life as assessed by the SF-36 questionnaire
(100-point scale). Moreover, there was also a clinically
meaningful and statistically significant improvement in
exercise capacity, measured by 6MWD. A subset of eight
patients who had cardiopulmonary exercise testing
showed an increase in anaerobic threshold
(+100.1 + 37.0 ml/min, P =0.03), which was a marker
of oxygen utilization and delivery during exercise.
However, peak VO,, an indicator of peak exercise
capacity, was increased, albeit insignificantly compared

with baseline, indicating the persistent hemodynamic
limitation at higher exercise levels inherent to the
underlying disease. This study also stratified patients
based on their anemia status and RV function. IV iron
was beneficial for both patients with anemia (hemoglo-
bin>12g/dl, n=10) and patients without anemia
(hemoglobin < 12 g/dl, n = 10), but patients with anemia
seemed to derive more pronounced benefit, with greater
improvement in both 6MWD (+35.3 vs +19.7, P=0.4)
and quality of life (+9.8 vs +2.7, P=0.125). When
stratified by RV function, iron supplementation provided
benefit in patients with either preserved or reduced RV
function, but there was no significant difference between
the two groups. This study was limited by the lack of
randomization and long-term follow-up. However, it did
demonstrate the promising role of IV iron to safely
restore iron status in patients with iron deficiency and
PAH, clinically improve exercise capacity, and signifi-
cantly enhance quality of life. The benefit was seen
regardless of anemia or RV function, although a more
pronounced effect was seen in patients with anemia.

Another open-label study by Ruiter and colleagues
also evaluated the effect of FCM on exercise capacity and
explored possible mechanisms underlying the altered
exercise capacity.®® FCM 1000mg was administered
intravenously for a period of 2h in 15 patients. After a
follow-up of 12 weeks, the total body iron store was
increased, but the 6MWD did not change significantly.
Iron improved submaximal exercise capacity (exercise
endurance time, the time to reach anaerobic threshold)
but not maximal exercise capacity (maximal workload,
peak oxygen uptake). The altered exercise capacity might
be due to enhanced oxygen handling in oxidative cells, as
both myoglobin concentration and mitochondrial oxida-
tive capacity in biopsied quadricep muscle cells were
significantly higher with iron therapy, but RV function
was not, as measured by CI and ventricular ejection
fraction. The change in RV function, however, might be a
long-term outcome that could not be captured by this
study because of the short follow-up time. Lastly, the
quality of life, as measured by the SF-36 questionnaire,
was significantly improved, but it was mainly driven by
the improvement in mental instead of physical health.
The authors concluded that supplementation of iron
intravenously in patients with iron deficiency and
idiopathic PAH could improve exercise endurance
capacity, which might be explained by increased quadri-
ceps muscle oxygen handling, instead of improved RV
function.

The only randomized, double-anonymized, placebo-
controlled studies conducted on IV FCM was conducted
by Howard and colleagues.””> They conducted two
12-week crossover studies, in which 39 patients in
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Europe received FCM 1000 mg (or 15 mg/kg if body weight
was <67kg) or saline, and 17 patients in China received
iron dextran (20 mg of iron per kilogram of body weight) or
saline. The results showed a well-tolerated side effect
profile and an improved iron status. However, there was
no effect on any measure of exercise capacity, including
cardiopulmonary exercise testing, 6MWD, and cardio-
pulmonary hemodynamics, as assessed by right heart
catheterization, cardiac magnetic resonance, or plasma
NT-proBNP at 12 weeks. Notably, however, patients
recruited in this trial did not have anemia (hemoglobin
median [interquartile range], 13.7 g/dl [2.7 g/dl] in Europe
group, 13.0g/dl [2.9g/d]l] in China group), and most of
them were in the less severe function class (classes I and II:
60%); thus, they might be less likely to derive clinical
benefit from iron replacement. This study also included
patients with heritable PAH, which may not respond as
well to iron repletion owing to underlying genetic
mutations as the etiology of the disease. In contrast, iron
studies in patients with heart failure, which showed
benefits of iron supplementation, had a prevalence of
anemia in around 50% of participants.***

Recently, a retrospective matched-cohort study on IV
FCM was conducted in 117 patients.>® The investigators
compared 58 patients with iron deficiency receiving FCM
to 59 controls who did not receive FCM. In patients with
iron deficiency, the use of FCM resulted in a significant
and sustained improvement of serum iron, ferritin, and
TSAT over 18 months. Fourteen patients in the FCM
group had recurrent iron deficiency after a mean of about
10 months, requiring a second dose of FCM. Besides
better iron status, FCM administration also significantly
improved 6MWD and WHO functional class. There was
also a significant reduction of hospitalization for
worsening PAH at 12 months compared with baseline
in the FCM group. The control group, on the other hand,
did not demonstrate any significant improvement in any
of the outcomes measured. No serious side effect has
been observed with FCM. This study has further
strengthened the benefit and safety of iron supplementa-
tion with FCM in patients with iron deficiency with or
without anemia, although some patients may need
additional doses to correct recurrent iron deficiency after
the initial dose.

CONCLUSION

The intertwined underlying pathophysiology of iron and
PAH, along with the prevalence of iron deficiency in
patients with PAH and the positive results of using IV
iron in patients with heart failure, has inspired research
into using iron supplementation in patients with PAH.

Oral iron supplementation with traditional formulation
(eg, ferrous fumarate 200 mg) dosed three times a day
showed limited utility due to poor absorption. However,
newer oral formulations such as ferrous maltol and
pyrophosphate sucrosomial iron, with intrinsically im-
proved bioavailability, have demonstrated possible clini-
cal benefits, including improved exercise capacity mea-
sured by 6MWD. Dosing oral iron less frequently, such as
every other day, may further improve absorption and
reduce GI side effects. The use of IV iron circumvents the
absorption issue, but it comes with higher cost and the
risk of infusion reactions. IV iron has not consistently
demonstrated improved outcomes. Whereas observa-
tional trials showed potential improvement in iron
status, exercise endurance, and quality of life, the single
randomized control trial in patients without anemia did
not find any significant improvement in any measure of
exercise capacity or cardiopulmonary hemodynamics.
Although more trials are needed, preliminary evidence
suggests that patients with anemia and PAH may derive
clinical benefit from iron supplementation. Currently
available studies were limited by small sample size, lack
of long-term analysis, and a variable definition of iron
deficiency. Larger, more robust, randomized control
studies on an easily absorbable oral iron or IV iron in
patients with anemia are warranted to explore the
potential utility of iron supplementation in patients with
PAH.

CLINICAL PRACTICE
IMPLICATIONS

Based on available evidence, the benefit of screening and
treating iron deficiency outweighs the risk in patients
with anemia and PAH. Iron supplementation can be
considered if the patient has anemia (hemoglobin <12 g/
dl in women and <13 g/dl in men) and iron deficiency
(serum ferritin <100 mcg/L or serum ferritin
100-299 mcg/L and TSAT <20%).'*?**” 1V iron can be
used initially to replete iron store. FCM is the formula-
tion with the most evidence, and it is given conveniently
as a one-time dose of 1000 mg infusion. However, it is
much more expensive than other formulations such as
iron sucrose, which can be dosed as 200 mg daily for 5
days. If an oral agent is chosen, ferric maltol 30 mg twice
daily showed efficacy in patients with PAH. An alterna-
tive formulation commonly used in the United States is
ferrous sulfate, with a dosing regimen of 325 mg every
other day demonstrating improved absorption and
reduced GI tolerance.”® The duration of oral iron varies
in the literature, but trials with positive results used oral
iron for 12-16 weeks as opposed to 4 weeks in trials
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showing negative results."****” In summary, clinicians
may consider using IV iron such as FCM 1000 mg for one
dose in patients with anemia and iron deficiency
followed by ferrous sulfate 325 mg every other day for
16 weeks in patients with PAH.
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