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HIGHLIGHTS

e Intravenous iron supplementation provides symptomatic relief in patients with heart failure and concomitant iron

deficiency.

e The current definition of iron deficiency based on ferritin <100 ng/ml or transferrin saturation <20% may not accurately

reflect the levels of iron within tissue and cells. Therefore, intravenous iron may be administered to heart failure patients

who do not require iron supplementation.

e Intravenous administration of iron bypasses essential regulatory mechanisms and can cause endothelial damage via the

production of reactive oxygen species.

o Although iron should be given to patients with heart failure and iron deficiency, sufficient consideration should be given to

the route of administration and the potential for adverse effects, especially in non-iron deficient patients.

e Further research must be conducted to determine whether changes in the cellular and subcellular distribution of iron in

patients with heart failure are compensatory and beneficial or maladaptive and potentiates disease.

SUMMARY

(http://creativecommons.org/licenses/by-nc-nd/4.0/).

ron is an essential micronutrient for a myriad of
human biological processes. The average human
body contains about 3.5 to 4.5 g of iron, the ma-
jority of which is intracellular and is either bound to
hemoglobin in red blood cells (~ 60%) or stored in
hepatocytes and macrophages within the liver and
spleen (25%), where it is bound to a specialized cyto-
plasmic protein called ferritin. All human cells also
contain a proportion of iron that is incorporated into
iron-sulfur (Fe/S) clusters or stored inside mitochon-
dria. The extracellular iron constitutes only about
0.1% of the total body iron and is mainly bound to
the iron transport protein in the serum named trans-
ferrin (Tf).
Although iron is one of the most abundant ele-
ments on earth, the dominant form of iron in the
oxygen-rich environment is the oxidized form (Fe*3),

To date, 3 clinical trials have shown symptomatic benefit from the use of intravenous (IV) iron in patients with heart
failure (HF) with low serum iron. This has led to recommendations in support of the use of IV iron in this population.
However, the systemic and cellular mechanisms of iron homeostasis in cardiomyocyte health and disease are distinct,
complex, and poorly understood. Iron metabolism in HF appears dysregulated, but it is still unclear whether the changes
are maladaptive and pathologic or compensatory and protective for the cardiomyocytes. The serum markers of iron
deficiency in HF do not accurately reflect cellular and mitochondrial iron levels, and the current definition based on the
ferritin and transferrin saturation values is broad and inclusive of patients who do not need IV iron. This is particularly
relevant in view of the potential risks that are associated with the use of IV iron. Reliable markers of cellular iron
status may differentiate subgroups of HF patients who would benefit from cellular and mitochondrial iron chelation
rather than IV iron. (J Am Coll Cardiol Basic Trans Science 2020;5:300-13) © 2020 The Authors. Published by Elsevier on
behalf of the American College of Cardiology Foundation. This is an open access article under the CC BY-NC-ND license

which has low solubility and limited bioavailability.
Consequently, the human body has evolved to strictly
conserve and effectively recycle most of its iron.
Moreover, excess iron can be detrimental to human
cells through the production of reactive oxygen spe-
cies (ROS). Thus, sophisticated regulatory mecha-
nisms have evolved in humans to predominantly: 1)
control the influx of iron from intestinal epithelial
cells and the release of iron from macrophages and
hepatocytes in order to maintain a steady-state serum
iron concertation at the systemic level; and 2) control
cellular iron uptake to maintain a safe and sufficient
level of iron at the cellular level. Understanding these
regulatory mechanisms is particularly relevant
because of the recently more lenient view regarding
the use of intravenous (IV) iron in patients with heart
failure (HF). Introducing large concentrations of
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ABBREVIATIONS
AND ACRONYMS

6MWT = 6-min walk test
CKD = chronic kidney disease

DMT1 = divalent metal
transporter 1 protein

FCM = ferric carboxymaltose
FGF = fibroblast growth factor
Fpn1 = ferroportin 1

Hb = hemoglobin

ID = iron deficiency

I/R = ischemia/reperfusion

IV = intravenous

LVEF = left ventricular
ejection fraction

NTBI = non-transferrin-bound
iron

NYHA = New York Heart
Association

PGA = Patient Global
Assessment

RCT = randomized clinical trial
ROS = reactive oxygen species

sTfR = soluble transferrin
receptor

TfR1 = transferrin receptor
protein 1

TSAT = transferrin saturation

VO, = peak oxygen uptake

elemental iron into human vessels is non-
physiologic and bypasses systemic as well as
cellular iron homeostatic mechanisms.

SYSTEMIC IRON REGULATION

Serum contains 2 to 4 mg nonheme iron that
is mainly in the form of transferrin-bound
iron. Each day, serum iron turns over
several times, and about 20 to 25 mg iron
moves through the serum (1). A large part
of this iron involves normal recycling of
aged erythrocytes. Scavenger macrophages
phagocytize senescent and damaged red cells
and release their iron into the serum. The
released iron is mainly used for the produc-
tion of new red cells in the bone marrow.
Dietary iron is absorbed in the duodenum
and proximal jejunum. On average, 1 to 2 mg
iron is absorbed every day by the enterocytes
and transferred into the serum. Under
normal conditions, this amount completely
compensates for the daily loss of iron from
the body, which is about 1 to 2 mg and is
mainly from desquamation of the epithelial
cells (2). The intestinal absorption of the iron
can increase up to 10-fold in situations of
increased demand (3). Because iron loss from
the body is not regulated and can only be
achieved through desquamation or bleeding,

the critical focus of systemic iron regulation is on iron
influx into the circulation that involves iron absorp-
tion from the enterocytes and iron release from he-
patocytes and macrophages. A graphic depiction of
systemic iron regulation is presented in Figure 1.

Systemic iron homeostasis is predominantly regu-
lated by the hormone hepcidin and the protein fer-
roportin 1 (Fpn1), the latter being the only known iron
export protein in mammals. The efflux of iron from
enterocytes, macrophages, and hepatocytes into the
extracellular fluid and, ultimately, into the serum
occurs via Fpnl. Hepcidin, which is produced in the
liver, binds to Fpn1 and triggers its internalization
and lysosomal degradation. Therefore, the ultimate
action of hepcidin is to down-regulate the export of
iron from enterocytes, hepatocytes, and macrophages
into the circulation (Figure 1).

The production of hepcidin is transcriptionally up-
regulated in response to an elevated concentration of
serum iron, increased tissue iron stores, and in
chronic inflammatory states (1). Ganz et al. (4)
demonstrated that even a mild transient increase in
the serum iron level after the administration of a dose
of oral iron is sufficient to dramatically raise serum
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hepcidin level within 8 h. In chronic inflammatory
states, the increased production of hepcidin di-
minishes iron release from enterocytes and induces
iron trapping within macrophages and hepatocytes, a
condition of iron restriction that is the hallmark of the
anemia of chronic disease. Furthermore, patients
with chronic kidney disease (CKD) have elevated
levels of hepcidin, which may be associated with
increased atherosclerosis and cardiovascular risk in
this population, possibly through intracellular iron
sequestration and oxidative stress (5-8). Similarly,
obesity has been associated with increased hepcidin
levels (9), and the mechanism appears to be through
the leptin-mediated increase in the production of
hepcidin (10).

Conversely, in conditions of enhanced erythro-
poiesis or iron deficiency (ID), the production of
hepcidin is down-regulated, allowing more iron to
be released into the serum from intestinal epithelial
cells and from iron stores within macrophages and
hepatocytes. In response to endogenous or exoge-
nous erythropoietin (EPO), erythroid precursor cells
produce the hormone erythroferrone (ERFE). The
main effect of ERFE is the suppression of hepcidin
production in the liver to maintain adequate supply
of iron to the bone marrow to sustain normal eryth-
ropoiesis, which is the most iron-consuming process
in the body.

The extracellular iron level is sensed by the hepa-
tocytes and can regulate hepcidin production. After
absorption from the intestine and release into the
blood through Fpni, iron binds to Tf. Human cell
membrane contains Tf receptors (TfR) that bind to Tf.
The Tf-TfR complex is then internalized, iron is
released into the cell, and Tf is recycled back into the
serum (3). Transferrin receptor protein 1 (TfR1) plays a
crucial role in iron uptake in human cells. Transferrin
receptor protein 2, which is mostly found in the liver,
is a sensor of the extracellular iron level and is
thought to play a role in regulating hepcidin pro-
duction (1,11).

There are 2 main strategies for increasing iron in
iron-deficient patients. The first strategy relies on
oral iron supplements that can be absorbed naturally
in the duodenum and proximal jejunum, a process
that is significantly facilitated by the acidic environ-
ment of the stomach. The low levels of hepcidin that
occur during ID allow the iron to exit the enterocytes
and enter the circulation. As serum iron levels are
restored to normal, the production of hepcidin in the
liver is increased, and further release of iron from the
enterocytes is prevented. Because of this feedback
mechanism, oral iron supplements are generally safe
and rarely, if ever, cause systemic iron overload. The
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FIGURE 1 Systemic Iron Regulation
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and tissues through the production of reactive oxygen species.

Dietary iron is absorbed in the duodenum and transported across the epithelia where it is delivered to Transferrin (Tf). The majority of iron is
then either delivered to the bone marrow where it is used in hematopoiesis, or it is stored in the liver. Hepcidin is a hormone released by the
liver that prevents iron absorption and release from macrophages when iron stores reach sufficient levels. Although iron absorbed by the gut
and bound to Tf is mostly redox inactive, iron administered intravenously enters systemic circulation as unbound iron and can be toxic to cells

second strategy for iron repletion is via direct IV de-
livery (Figures 1 and 2A). A benefit of this method is
that it allows for rapid and significant correction of
iron indexes, particularly in instances in which ab-
sorption is compromised (e.g., in patients on proton
pump inhibitors). However, this method of adminis-
tration bypasses the aforementioned regulatory
mechanisms and can potentially cause local iron
overload in endothelial cells and cardiomyocytes via
non-Tf-mediated iron uptake (Figure 2B). This will be
discussed in further detail later.

CELLULAR IRON REGULATION IN THE HEART

Cardiomyocytes, like other cell types, have only one
pathway for iron export and that is through Fpni.
However, there are several ways that iron can enter
cardiomyocytes (described later and depicted in
Figure 2B). This makes cardiomyocytes particularly

vulnerable to iron overload. Mice with
cardiomyocyte-specific deletion of Fpni develop a
rapid and ultimately fatal dilated cardiomyopathy
that is associated with the accumulation of iron inside
the cardiomyocytes while the systemic iron level re-
mains unaltered (12). Hepcidin is also produced in
cardiomyocytes. Cardiac hepcidin has important
autocrine effects and participates in the autonomous
regulation of iron in cardiomyocytes that are distinct
from systemic iron regulation (13). In contrast to
systemic hepcidin, the level of cardiac hepcidin in-
creases in iron deficiency to preserve the cellular iron.

Iron uptake by cardiomyocytes primarily occurs
through TfR1. Only Tf-bound iron can enter car-
diomyocytes via this pathway. Mice lacking TfR1 in
the heart die early from a cardiomyopathy that is
associated with cardiac ID (14). Another important
pathway for the influx of iron into the cardiomyocytes
is through the divalent metal transporter 1 protein
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FIGURE 2 Cellular Iron Regulation and Systemic Transport
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(A) A graphic depicting different forms of iron transport through blood vessels. Under normal physiologic conditions, iron is absorbed from the small intestine or
recycled through macrophages and released as Tf-bound iron. However, clinical use of intravenous (IV) iron in patients with iron deficiency introduces a large bolus of
non-transferrin-bound iron (NTBI) into the vessel. Although the IV iron can be in colloids based on small spheroidal iron-carbohydrate particles, NTBI is redox active and
can form reactive oxygen species, damaging endothelial cells. (B) A graphic depicting the import and fate of cellular iron. The uptake of transferrin (Tf)-bound iron is
mediated through binding to transferrin receptor 1 (TfR1) and subsequent internalization by endocytosis. The acidic environment of the lysosome liberates iron from
the Tf-TfR1 complex, and iron is transported into the cytosol, whereas the Tf-TfR1 complex is recycled to the cell surface. Upon entry into the cytosol, the majority of
iron is bound by the storage molecule ferritin, and a small amount remains as labile iron. Non-Tf-mediated iron uptake can also occur through L/T-type calcium channels
and zinc transporters. Once in the cell, iron can be transported into the mitochondria for the synthesis of heme or Fe/S clusters. The only mechanism capable of

removing iron from the cell is via export through ferroportin.

(DMT1), which mediates the import of non-trans-
ferrin-bound iron (NTBI). Inside the cell, iron can
either be stored as ferritin, where it is redox inert; or
go through biosynthetic pathways to generate heme
or Fe/S clusters; or remain as labile iron (Figure 2B).
Under normal conditions, the level of labile iron is
kept very low to prevent ROS formation. However,
pathological states of iron overload can dramatically
increase the labile iron pool.

Cellular iron homeostasis is maintained by iron
regulatory proteins (IRPs). When the cellular iron
concentration is low, IRPs stabilize the messenger
RNA of TfR1 and DMT1 to promote iron influx; at the
same time, they inhibit messenger RNA translation of
Fpn1 and ferritin to inhibit iron efflux and iron stor-
age, respectively (3,15). Cardiac TfR1 and DMT1 are
not regulated by systemic iron (3). In addition to
the TfR1- and DMTi-mediated pathways,
diomyocytes carry L-type and T-type calcium

car-

channels as well as zinc transporters, all of which
are capable of transporting NTBI into the cardiac
cells (3,16-18). Although the cellular regulatory
mechanisms of iron in the heart can modify the
import of Tf-bound iron via TfR1 and control the

entry of NTBI via DMT1, the influx of NTBI into the
cardiomyocytes through calcium channels and zinc
transporters are not regulated by these cellular
regulatory mechanisms.

DYSREGULATION OF IRON METABOLISM IN
HEART DISEASE: EXCESS OR DEFICIENCY?

Some studies have shown that patients with HF are
“iron deficient” (19-22), and the current society
guidelines recommend iron supplementation in HF
patients with reduced ejection fraction for symp-
tomatic benefit, regardless of the presence or absence
of anemia (Table 1). However, the etiology of ID in HF
and, more importantly, the best method to diagnose
this condition in HF are matters of controversy. The
current proposed criteria to diagnose ID in HF are
serum ferritin <100 ng/ml or serum transferrin satu-
ration (TSAT) <20% (23-26). This definition was
originally used in patients with CKD (27,28). Because
clinical trials of IV iron in HF used the same definition
and were associated with a symptomatic benefit,
subsequent studies and the current HF guidelines
adopted these cutoffs to define ID in HF. However, as
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Target HF population NYHA functional class Il and IlI

Recommendations

Class of recommendation IIb

Level of recommendation B (randomized)

IV iron replacement might be reasonable to
improve functional status and QOL

Symptomatic HFrEF

lla
A

IV FCM should be considered in order to alleviate HF
symptoms and improve exercise capacity and QOL

TABLE 1 ideline Rec dations for Diagnosis and Treatment of ID in HF
2017 ACC/AHA/HFSA Focused Update of the 2016 ESC Guidelines for Diagnosis
Iron Deficiency in HF U.S. Guideline for M of HF and Treatment of Acute and Chronic HF
Diagnosis Ferritin <100 ng/ml or ferritin 100-300 ng/ml if TSAT < 20% Ferritin <100 ng/ml or ferritin 100-300 ng/ml if TSAT <20%

ACC = American College of Cardiology; AHA = American Heart Association; ESC = European Society of Cardiology; FCM = ferric carboxymaltose; HF = heart failure; HFrEF = left ventricular ejection
fraction < 40% in ESC; HFSA = Heart Failure Society of America; ID = iron deficiency; IV = intravenous; NYHA = New York Heart Association; QOL = quality of life; TSAT = transferrin saturation.

discussed later, the differential mechanisms regu-
lating systemic and cellular iron and the unanswered
questions in the pathophysiology underlying
abnormal myocardial iron in HF challenge the accu-
racy of these simple serum marker cutoffs to diagnose
ID in HF.

Because HF is associated with elevated levels of
inflammatory cytokines such as interleukin 1, inter-
leukin-6, and tumor necrosis factor-o (29-31), it was
originally postulated that, similar to chronic inflam-
matory states, HF patients have elevated levels of
serum hepcidin and thus are at risk of developing
functional ID. However, recent studies in chronic as
well as acute HF demonstrated the opposite and
showed that the serum hepcidin level is actually
diminished in HF (21,32). Thus, the notion that the
inflammatory state of HF leads to an elevated level of
systemic hepcidin and hence functional ID (defined as
the presence of adequate iron stores but insufficient
iron availability) is not accurate. Additionally, several
mechanisms have been proposed as potential causes
of absolute ID (defined as low or absent iron staining
in bone marrow) in HF. These include dietary nutri-
tional deficiency of iron, reduced absorption due to
bowel edema, reduced absorption due to the use of
proton pump inhibitors, and increased iron loss in the
gastrointestinal and genitourinary systems due to
the use of antiplatelet and anticoagulant agents.
However, there is no evidence to support or even
suggest a causative association between any of these
speculative mechanisms and the development of
absolute ID in HF. Thus, it is not clear whether HF as
a disease entity causes either functional or absolute
ID, and existing evidence does not support this
hypothesis.

Unlike systemic iron, cellular iron levels in
myocardial tissue appear to be dysregulated in HF.
Leszek et al. (33) showed reduced levels of mito-
chondrial iron in the explanted heart of patients with
advanced HF who underwent cardiac transplantation.
Interestingly, serum levels of ferritin and TSAT were

not associated with myocardial iron, and the only
serum marker that showed association was soluble
transferrin receptor (sTfR). In a similar study, Mele-
novsky et al. (34) showed myocardial ID in the
explanted hearts of patients with advanced HF, and
this was associated with abnormal mitochondrial
function. In contrast, our group has shown that
mitochondrial iron and total cellular heme levels are
elevated in advanced HF (35). We have also shown
increased mitochondrial iron in mice after ischemia/
reperfusion and in human hearts with ischemic heart
disease, suggesting detrimental effects of increased
cellular iron by generating ROS and oxidative damage
(36). These studies do not demonstrate a cause-and-
effect relationship, and more research is needed to
determine whether the changes in myocardial iron in
patients with HF are pathologic and maladaptive or
protective and compensatory.

In a prospective study of 165 patients with a recent
episode of acute HF, Jankowska et al. (21) defined ID
as the concomitance of low serum hepcidin (as a
marker of depleted body iron stores) and elevated
sTfR (as a marker of insufficient cellular iron). In
multivariable analysis, this definition was strongly
predictive of all-cause mortality at 12 months. How-
ever, ID based on the definition of ferritin <100 ng/ml
or TSAT <20% was not predictive of the outcomes.
More importantly, according to the ferritin-TSAT
definition, 65% of the patients in this study were
categorized as “iron deficient.” However, ID was
present in only 37% of the patients based on the
hepcidin-sTfR definition, indicating the risk of
misclassification of HF patients as “iron deficient”
simply based on ferritin and TSAT values (21).

The validity of the ferritin-TSAT definition of ID
was also tested in a group of HF patients against the
diagnosis of ID on bone marrow samples (taken from
the sternum at the time of coronary bypass surgery).
The ferritin-TSAT definition had a positive predictive
value of 66.7%. Therefore, 33% of the HF patients in
this particular cohort who were considered “iron
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TABLE 2 Major Published Clinical Trials of Iron Therapy in HF
First Author,
Year (Study) (Ref. #) Design N Definition of ID Inclusion
Toblli et al., Randomized 1:1 40 Ferritin <100 or e EF =35%
2007 (40) IV iron vs. placebo TSAT =20% e NYHA functional class 1I-IV
e Hb <12.5 g/dL (M)
e Hb <11.5 g/dl (F)
e CrCl <90
Okonko et al., Randomized 2:1 35 Ferritin <100 or o EF =45%
2008 (FERRIC-HF) (41) Open label Ferritin 100-300 if TSAT =20% e NYHA functional class II-11l
IV iron vs. no iron therapy e PVO, =18 ml/kg/min
Anker et al., Randomized 2:1 459 Ferritin <100 or e EF =40%, NYHA functional class Il
2009 (FAIR-HF) (37) IV iron vs. placebo Ferritin 100-300 if TSAT =20% e EF =45%, NYHA functional class Il
e Hb 9.5-13.5 g/dl
Ponikowski et al., Randomized 1:1 304 Ferritin <100 or e EF =45%
2015 (CONFIRM-HF) (38) IV iron vs. placebo Ferritin 100-300 if TSAT =20% e NYHA functional class II-11l
e 1 BNP
Van Veldhuisen et al., Randomized 1:1 174 Ferritin <100 or e EF =45%
2017 (EFFECT-HF) (39) Open label Ferritin 100-300 if TSAT =20% e NYHA functional class II-Ill
IV iron vs. no iron therapy e 1 BNP
Lewis et al., Randomized 1:1 225 Ferritin 15-100 or o EF =40%
2017 (IRONOUT-HF) (68) Oral iron vs. placebo Ferritin 100-300 if TSAT =20% e NYHA functional class II-1V
e Hb 9-15 g/dL (M)
e Hb 9-13.5 g/dl (F)
A refers to change in the parameter.
6MWT = 6-min walk test; BID = twice a day; BNP = B-type natriuretic peptide; CRP = C-reactive protein; EF = ejection fraction; EFFECT-HF = Exercise Capacity in Patients
With Iron Deficiency and Chronic Heart Failure; F = female; FAIR-HF = Ferinject Assessment in Patients with Iron Deficiency and Chronic Heart Failure; Hb = hemoglobin;
IRONOUT-HF = Iron Repletion Effects on Oxygen Uptake in Heart Failure; KCCQ = Kansas City Cardiomyopathy Questionnaire; M = male; NT-proBNP = N-terminal pro-B-type
natriuretic peptide; PGA = Patient Global Assessment; PVO, = peak oxygen consumption; other abbreviations as in Table 1.

deficient” based on the ferritin-TSAT criteria had an
adequate amount of iron stores in their bone
marrow. In this study, TSAT <19.8% or simply a
serum iron level <72 pg/dl had the best correlation
with bone marrow ID (20). Thus, the definition of ID
in HF based on a ferritin level <100 ng/ml or
TSAT <20% appears lenient and potentially inclusive
of patients without ID who do not need any form of
iron supplementation and particularly not the IV
form.

IRON SUPPLEMENTATION IN HF

Over the past decade, the effects of iron supple-
mentation on HF have been tested in several
studies (Table 2). In the subsequent sections, we
review the major randomized trials of IV iron in
HF, the potential risks associated with IV iron,
and, ultimately, the role of oral iron in patients
with HF.

INTRAVENOUS IRON SUPPLEMENTATION IN HF:
CLINICAL TRIALS

To date, the effect of IV iron in HF patients with ID
has been evaluated in 3 large randomized clinical
trials (RCTs). In all 3 trials, ID was defined as either

serum ferritin <100 ng/ml or TSAT <20% if the
ferritin value was between 100 and 300 ng/ml.
FAIR-HF (Ferinject Assessment in Patients with
Iron Deficiency and Chronic Heart Failure) (2009) was
a double-blind, placebo-controlled RCT that enrolled
459 ambulatory HF patients in New York Heart As-
sociation (NYHA) functional class II (left ventricular
ejection fraction [LVEF] =40%) or class III
(LVEF =45%) (37). Eligible patients had a hemoglobin
(Hb) level between 9.5 and 13.5 g/dl and were iron
deficient. Participants were randomized in a 2:1 ratio
to receive either IV ferric carboxymaltose (FCM) or
placebo (normal saline). FCM was administered
weekly as an IV bolus injection of 200 mg until iron
repletion was achieved (correction phase). This was
followed by a maintenance phase during which the
FCM injections were continued on a monthly basis.
After 24 weeks, treatment with FCM significantly
improved the self-reported Patient Global Assess-
ment (PGA) such that 50% of the participants in the
treatment group reported that they were “much or
moderately improved” compared with only 28% in
the placebo arm. There was also significant
improvement in the NYHA functional class in the
treatment group. Secondary endpoints that included
the 6-min walk test (6MWT) distance and health-
related quality of life surveys also showed a
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TABLE 2 Continued

Intervention Primary Endpoint Follow-up Results
Iron sucrose, 200 mg, weekly e A NT-proBNP 6 months | NT-proBNP
for 5 weeks e ACRP | CRP
Iron sucrose, 200 mg, weekly e AVO; 18 weeks 1 VO, increased only in pre-specified group with baseline Hb <12.5
until ferritin >500 and then
monthly until 16 weeks
FCM, 200 mg, weekly for e NYHA class 24 weeks | NYHA functional class
correction and monthly for e PGA 1 PGA
maintenance T 6MWT
1 KCCQ score
FCM at baseline and week 6 for e ABMWT 52 weeks 1 6MWT distance
total 500-2,000 mg and | NYHA functional class
then 500 mg at weeks 12, 1 PGA
24, and 36 if ID present | Fatigue score
1 KCCQ score
FCM at weeks 0O, 6, and 12 e AVO, 24 weeks < VO,
| NYHA functional class
1 PGA
Oral iron polysaccharide, e AVO, 16 weeks < VO,
150 mg BID < 6MWT
< KCCQ

significant improvement. Patients with anemia at
baseline (Hb =12 g/dl) showed an increase of 0.9 g/dl
in the level of Hb at week 24, but symptomatic ben-
efits from FCM were similar in patients with and
without anemia. Although the primary endpoints of
PGA and NYHA class provide important patient-
centric outcomes, they carry some degree of subjec-
tivity that make them susceptible to individual
interpretation and hence bias.

CONFIRM-HF (Ferric CarboxymaltOse evaluatioN
on perFormance in patients with IRon deficiency in
coMbination with chronic Heart Failure) (2015) was
the second RCT that enrolled 304 ambulatory HF
patients in NYHA functional class II and III with
LVEF =45% and ID. Participants were randomized in
a 1:1 ratio to receive either FCM or placebo (38). In the
“therapy phase” of the study, participants received
FCM once at baseline and another time at week 6 for a
total dose of 500 to 2,000 mg elemental iron. The
“maintenance phase” of the study included 3 FCM
injections of 500 mg at weeks 12, 24, and 36 if ID was
still present. The primary endpoint for the study was
the change in the 6MWT distance from baseline to
week 24. Treatment with FCM significantly improved
the primary endpoint. Additionally, the use of FCM
compared with placebo was associated with a signif-
icant improvement in the secondary endpoints of
NYHA class, PGA score, fatigue score, and the HF
quality of life measures up to 52 weeks of follow-up.

EFFECT-HF (Effect of Ferric Carboxymaltose on
Exercise Capacity in Patients With Iron Deficiency

and Chronic Heart Failure) (2017) was an open-label
RCT that enrolled 174 HF patients with ID in NYHA
functional class II and III with LVEF =45% (39). Par-
ticipants were randomized in a 1:1 ratio to receive
either IV FCM or standard of care. FCM was injected
once at baseline and another time at week 6 for a total
dose of 500 to 2,000 mg elemental iron. At week 12,
another dose of FCM was given at a fixed dose of
500 mg if ID was still present. The primary endpoint
for the study was the change in peak oxygen uptake
(VO,) from baseline to week 24.

At week 24, peak VO, decreased by 1.19 4 0.38 ml/
kg/min in the standard of care group but was virtually
unchanged in the FCM group. During the course of
the study, there were 4 deaths in the standard of care
group (all before week 24) and zero mortality in the
FCM group. The investigators assigned a value of 0 to
peak VO, at week 24 for patients who had died before
this time point, which explains the significant
decrease in the 24-week peak VO, compared with
baseline in this group. This limitation was acknowl-
edged in the original paper, and the investigators
concluded that without the imputation of deaths
there was no significant difference between the 2
groups in the primary endpoint.

It is noteworthy that these 3 major clinical trials
(FAIR-HF, CONFIRM-HF, and EFFECT-HF) were all
sponsored by the same manufacturer of FCM (Fer-
inject/Injectafer, Vifor Pharma, Zurich, Switzerland).
Additionally, in the FAIR-HF and CONFIRM-HF trials,
representatives from the sponsor were involved in
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FIGURE 3 Free Iron Promotes the Formation of Reactive Oxygen Species and Atherosclerosis
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A graphic depicting the stepwise production of hydroxyl radicals via the Fenton reaction. Hydroxyl radical is a strong reactive oxygen species that can damage cells and
tissues by oxidizing lipid and proteins. Oxidative damage to endothelial cells lining the blood vessels can promote the formation of atherosclerotic lesions.

the design, implementation, and oversight of the
trial.

The therapeutic effects of IV iron have also been
studied in smaller RCTs. In a single-center study,
Toblli et al. (40) randomized 40 HF patients with
LVEF =35%, NYHA functional class II to IV, Hb =13.5
g/dl, and ID to receive either 5 weekly infusions of
iron sucrose or placebo. The treatment group showed
a significant improvement in virtually all the
measured parameters including N-terminal pro-B-
type natriuretic peptide and C-reactive protein
(which was the primary endpoint) as well as other
parameters such as LVEF, 6MWT distance, serum
creatinine, and even body mass index. FERRIC-HF
(Ferric Iron Sucrose in Heart Failure) randomized 35
HF patients with LVEF =45%, NYHA functional class
II to III, and ID to receive in a 2:1 ratio either iron
sucrose or no iron therapy (41). At week 18, treatment
with IV iron resulted in an improvement in peak VO,
and NYHA class. However, these changes were only
significant in the pre-specified subgroup of patients
with anemia (Hb <12.5 g/dl).

Two meta-analyses were published in follow-up of
the previously mentioned studies. The first study
included subjects from FAIR-HF and CONFIRM-HF as
well as the 2 previously described small RCTs (Toblli
et al. [40] and FERRIC-HF [41]) (42). It also included
subjects from the IRON-HF (Iron Supplementation in
Heart Failure Patients With Anemia) study that
enrolled only 23 anemic HF patients with a ferritin
cutoff of 500 ng/ml and was a study to compare IV
versus oral iron (43). This meta-analysis showed
that therapy with IV iron could reduce HF
hospitalization in HF patients with anemia, albeit
with significant limitations associated with the

analysis. The second meta-analysis included
subjects from FAIR-HF and CONFIRM-HF as well as
2 small studies, PER-CARS-01 (30 patients received
FCM and 15 placebo) and EFFICACY-HF (20 patients
received FCM and 14 placebo) (44). This meta-
analysis also showed a reduction in HF
hospitalization with the use of IV iron.

The previously mentioned studies on the use of IV
iron in HF collectively suggest a symptomatic benefit
from the use of IV iron in HF patients with ID, as
defined by the serum iron indexes. In chronic dis-
eases such as HF, improvements in symptoms and
patient-reported outcomes are important. However,
unlike therapies that improve mortality and
morbidity, interventions that purely improve symp-
toms require more convincing evidence before widely
being incorporated into clinical practice. This is
particularly relevant if there is potential for harm
with those interventions.

SIDE EFFECTS OF IV IRON:
CAUSE FOR CONCERN

The adverse cardiovascular effects of iron are
mainly related to the redox properties of elemental
iron that promote the generation of ROS. Excess
iron can overwhelm the iron-carrying capacity of
transferrin, causing accumulation of NTBI as well as
a highly reactive labile iron pool inside the cells.
This nonbound iron can react with hydrogen
peroxide and generate highly toxic hydroxyl radi-
cals (Figure 3). Moreover, ferroptosis, as a non-
apoptotic, iron-mediated form of cell death, has
been shown to be involved in several cardiovascular
processes such as ischemia/reperfusion (I/R) injury
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Iron infusion introduces large amount of non-transferrin bound iron (NTBI) into the vasculature and bypasses homeostatic mechanisms of the
body that meticulously regulate influx of iron into the circulation. Accumulation of NTBI in the serum and labile iron pool (LIP) inside the cells
can lead to endothelial cell damage and progression of atherosclerosis. In contrast, absorption of oral iron (PO) is tightly controlled by the
function of hepcidin on ferroportin-1 (Fpn1) to minimize the reactive unbound iron pool while ensuring a sufficient supply of iron to the body.

and doxorubicin-induced cardiomyopathy (45,46).
Interestingly, the administration of an iron chelator
in vivo was protective against I/R-induced cardio-
myopathy (46).

The potential toxic effects of increased iron on
endothelial cells was demonstrated in a study using an
apolipoprotein E-deficient mouse model in which it
was shown that the iron load was associated with the
progression of atherosclerosis via inducing a proin-
flammatory state (47). In another study, the restriction
of dietary iron in a similar mouse model resulted in
significant inhibition of atherosclerosis (48). IV iron
has also been shown to be associated with markers of
endothelial dysfunction (49-51). In a human study, the
administration of IV iron at therapeutic doses to
healthy volunteers resulted in transient endothelial
dysfunction and was associated with a significant rise
in NTBI and a biomarker of oxidative stress (52).
Conversely, treatment with iron chelators can reduce
endothelial dysfunction in patients with coronary ar-
tery disease (53) (Central Illustration).

Recent studies have shown an association between
the use of IV iron and elevated levels of the biologi-
cally active form of fibroblast growth factor (FGF)-23.
This hormone is primarily produced by the bone cells
and is involved in phosphate homeostasis. Abnor-
mally elevated levels of FGF-23 reduce phosphate
absorption in the kidney and result in hypo-
phosphatemia, bone resorption, and ultimately oste-
omalacia (54). Both hypophosphatemia and
osteomalacia have been reported in connection with
the use of IV iron (55-58). In the CKD population,
enhanced levels of FGF-23 have been associated with
left ventricular hypertrophy, myocardial fibrosis, all-
cause mortality, and adverse cardiovascular events,
independent of traditional cardiovascular risk factors
(59-62). Moreover, FGF-23 has been shown to be
associated with incident HF in the general population
(63-65).

Interestingly, it appears that FCM, which is the
only recommended form of IV iron in HF by the Eu-
ropean guidelines, has the unique capability of
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increasing the FGF-23 level as opposed to other forms
of IV iron. In a double-blind RCT comparing 2
different forms of IV iron in the treatment of adults
with ID anemia (FCM 750 mg vs. ferumoxytol 510 mg
at week 0 and week 1), the incidence of severe
hypophosphatemia at week 2 was significantly higher
in the FCM group (50.8% Vs. 0.9%; p < 0.001). This
was correlated with the doubling of FGF-23 levels
after each infusion of FCM, whereas the level of FGF-
23 remained unchanged in the other group. At week 5,
about 30% of patients in the FCM group continued to
have severe hypophosphatemia (66).

These findings collectively raise concerns about
the safety of the prolonged use of IV iron in the HF
population. In particular, hypophosphatemia and
osteomalacia were not monitored as side effects in
the trials of IV iron in HF. The long-term safety of the
use of IV iron in HF patients remains to be
determined.

IS ORAL IRON EFFECTIVE IN HF?

The only study to date to compare IV iron versus oral
iron in HF was terminated prematurely because of
competing trials and insufficient funding (43). In this
study (IRON-HF), 23 anemic HF patients with
LVEF <40%, TSAT <20%, and ferritin <500 ng/ml were
randomized into 3 groups to receive IV iron (iron su-
crose), oral iron (ferrous sulphate), or placebo. Over a
3-month follow-up period, the primary endpoint of
change in peak VO, numerically increased by 3.5 ml/
kg/min in the IV group without a detectable increase
with the use of oral iron. However, there was a signif-
icant increase in the serum ferritin and TSAT levels
observed in both the IV and oral iron groups. The use of
oral iron in another retrospective study was also
associated with a significant increase in the values of
serum iron, ferritin, TSAT, and Hb level (all p < 0.001)
(67). These 2 studies collectively suggest that the use of
oral iron can improve iron indexes. The question re-
mains whether the improvement of iron indexes with
oral iron would translate into better clinical status.
IRONOUT-HF (Iron Repletion Effects on Oxygen
Uptake in Heart Failure) was a National Institutes of
Health-sponsored, double-blind, placebo-controlled
RCT to test the hypothesis that oral iron compared
with placebo can improve exercise capacity in HF pa-
tients with ID (68). In this study, 225 HF patients with
LVEF =40% and ID (ferritin <100 or TSAT <20%) were
randomized to receive oral iron polysaccharide at
150 mg twice daily or placebo. The primary endpoint
was change in peak VO, after 16 weeks of therapy. At
week 16, peak VO, virtually remained unchanged
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compared with baseline in both groups. Similarly,
there was no significant between-group differences in
the amount of change in the 6MWT distance, N-ter-
minal pro B-type natriuretic peptide level, or HF-
related quality of life score from baseline to week 16.
However, compared with placebo, oral iron increased
TSAT by 3.3% (p = 0.003) and the ferritin level by
11.3 ng/ml (p = 0.06). The following points should be
considered in interpreting the findings of this trial:

1. In this trial, there was no direct comparison be-
tween IV and oral iron. As stated earlier, the only
clinical trial to date that attempted to conduct such
a comparison was terminated prematurely after
enrolling 23 patients.

2. The peak VO, remained virtually unchanged after
16 weeks of therapy with oral iron. However,
therapy with IV iron either has not been shown to
increase peak VO, in nonanemic HF patients.

3. The best method to diagnose ID in the HF popu-
lation is controversial. In the treatment group of
this trial, the median ferritin, TSAT, and iron levels
at baseline were 75 ng/ml, 19%, and 12.6 g/dl. One
could argue that not of all the participants were
iron deficient and therefore were unlikely to show
any benefit from iron supplementation. Consid-
ering the size (N = 225) and duration (16 weeks) of
the study, this study might have been underpow-
ered to detect a meaningful benefit in the sub-
group of participants with true ID.

4. The pharmacokinetics of oral iron is drastically
different from that of IV iron and despite the lack
of direct comparison, it is conceivable that IV iron
therapy would improve iron indexes faster than
oral formulations. Thus, a duration of therapy
longer than 16 weeks might have been needed in
the IRONOUT-HF trial to detect any beneficial ef-
fects of oral iron therapy.

5. Results of the IRONOUT-HF trial suggest that a
subset of HF patients with ID who have depressed
serum hepcidin may respond favorably to oral iron.
Because hepcidin is the main regulator of systemic
iron in humans and its level decreases in ID, hep-
cidin might be a more accurate biomarker of ID in
HF rather than ferritin or TSAT. In this study, pa-
tients with hepcidin values <6.6 ng/ml (the lower 2
quartiles) responded favorably to oral iron.

NEW FORMULATIONS OF ORAL IRON. One of the
most innovative preparations of oral iron is sucroso-
mial iron, which is a preparation of ferric pyrophos-
phate covered by phospholipids and a sucrose matrix.
Preliminary studies suggest that the absorption of
this formulation is probably independent of hepcidin,
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and it can improve Hb similar to IV formulations with
improved gastrointestinal tolerance (69-71). Ferric
citrate has emerged as another effective oral formu-
lation of iron. A randomized clinical trial in the CKD
population with ID anemia showed that 16 weeks of
therapy with this oral formulation was associated
with significant increase in iron indexes (72).

DOSING SCHEDULE OF ORAL IRON. Emerging evi-
dence suggests that the conventional schedule of 2 or
3 times daily of oral iron therapy could lead to a rapid
and transient response in hepcidin production and
result in limited absorption of the subsequent dose of
oral iron (73). Intriguing findings from an RCT suggest
that oral iron supplementation on alternate days and
in single doses can optimize iron absorption and
might be the preferred dosing regimen (74).

IRON CHELATION IN
CARDIOVASCULAR DISEASE

There is no mechanism for the removal of excess body
iron. In iron overload states, cardiomyocytes are
uniquely susceptible to iron-mediated injury because
the influx of NTBI can occur through DMT1 and
abundant voltage-gated Ca* channels, bypassing the
cellular regulatory mechanisms of iron entry into the
cardiomyocytes. Thus, in iron overload cardiomyop-
athy, different iron chelators have been used with
success to reduce the level of systemic iron, decrease
myocardial iron, and improve cardiac function.
Additionally, the use of calcium-channel blockers has
been shown to effectively reduce myocardial iron and
improve cardiac as well as mitochondrial function in
iron-overload states (75,76), likely via inhibiting the
influx of NTBI through cardiomyocyte Ca®>" channels.
In a double-blind, placebo-controlled RCT, the addi-
tion of amlodipine to standard chelation therapy in a
group of patients with thalassemia significantly
reduced the myocardial iron concentration as
assessed by cardiac magnetic resonance (77).
Moreover, several studies have explored the
application of dietary iron restriction or iron chela-
tors in cardiovascular disease without iron overload.
Our group has demonstrated in mice that the reduc-
tion of baseline mitochondrial iron, either by the
overexpression of a mitochondrial iron export pro-
tein named ATP-binding cassette transporter protein
B8 (ABCB8) or the use of a cell-permeable iron
chelator (2, 2’ bipyridyl), is protective against I/R
injury (36). Similarly, Fang et al. (46) showed that
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pre-treatment with the iron chelator dexrazoxane
was protective against a mouse model of I/R injury,
as demonstrated by a reduction in the infarct size and
the amount of myocardial fibrosis. In mice subjected
to myocardial infarction, Eguchi et al. (78) found that
dietary iron restriction prevented left ventricular
remodeling and improved systolic function. In rats,
Phaelante et al. (79) demonstrated that the iron
chelator deferoxamine, in combination with the
antioxidant n-acetylcysteine, also improved cardiac
function after nonreperfused myocardial infarction.
In another study, treatment of mouse models of
diabetic cardiomyopathy with the iron chelator
deferiprone was associated with a significant reduc-
tion in biomarkers of oxidative stress, inflammation,
and fibrosis, suggesting a potential therapeutic effect
of iron chelation in diabetic cardiomyopathy (80). In
human subjects, infusion of iron chelators during
coronary artery bypass graft surgery has been asso-
ciated with a reduction of oxygen free-radicals, in-
hibition of lipid peroxidation, and, more importantly,
improvement in the myocardial function up to
12 months post-surgery (81,82). Because serum
markers of systemic iron, such as ferritin and TSAT,
do not accurately reflect the status of iron in car-
diomyocytes, reliable markers of cellular and mito-
chondrial iron may enable clinicians to differentiate
HF patients who do not need IV iron and, on the
contrary, may benefit from cellular and mitochon-
drial iron chelators.

CONCLUSIONS

The human body has evolved to conserve iron. It has
also developed meticulous regulatory mechanisms to
protect cells from the toxic effects of free iron by
regulating its absorption and storage. It is still unclear
if the apparent dysregulation of iron metabolism in
cardiac disease is maladaptive or a regulatory effort of
the body to maintain cellular iron homeostasis. While
the pursuit of understanding iron metabolism in
cardiac health and disease is continued, the use of IV
iron should be considered cautiously and limited to
patients with true iron deficiency.

ADDRESS FOR CORRESPONDENCE: Dr. Hossein
Ardehali, Feinberg Cardiovascular and Renal
Research Institute, Northwestern University, SQBRC
8-521, 303 East Superior Avenue, Chicago, Illi-
nois 60611. E-mail: h-ardehali@northwestern.edu.
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