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ABSTRACT

Anaemia is a common complication of chronic kidney disease (CKD). In this setting, iron deficiency is frequent because of
the combination of increased iron needs to sustain erythropoiesis with increased iron losses. Over the years, evidence
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has accumulated on the involvement of iron in influencing pulmonary vascular resistance, endothelial function,
atherosclerosis progression and infection risk. For decades, iron therapy has been the mainstay of therapy for renal
anaemia together with erythropoiesis-stimulating agents (ESAs). Despite its long-standing use, grey areas still surround
the use of iron therapy in CKD. In particular, the right balance between either iron repletion with adequate therapy and
the avoidance of iron overload and its possible negative effects is still a matter of debate. This is particularly true in
patients having functional iron deficiency. The recent Proactive IV Iron Therapy in Haemodialysis Patients trial supports
the use of intravenous (IV) iron therapy until a ferritin upper limit of 700 ng/mL is reached in haemodialysis patients on
ESA therapy, with short dialysis vintage and minimal signs of inflammation. IV iron therapy has also been proven to
be effective in the setting of heart failure (HF), where it improves exercise capacity and quality of life and possibly
reduces the risk of HF hospitalizations and cardiovascular deaths. In this review we discuss the risks of functional
iron deficiency and the possible benefits and risks of iron therapy for the cardiovascular system in the light of old and
new evidence.
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INTRODUCTION

Chronic kidney disease (CKD) is one of the fastest-growing
causes of death worldwide and is predicted to be among the top
five causes by 2040 [1]. Reversing this trend requires better pre-
vention and treatment of CKD and possibly also of its complica-
tions, such as renal anaemia.

Before erythropoiesis-stimulating agents (ESAs) were avail-
able, repeated blood transfusions were required and iron over-
load was common. Following the introduction of ESAs,
erythropoiesis remained suboptimal in some patients. Systemic
inflammation and functional iron deficiency were the two most
common causes of ESA resistance. Moreover, the combination
of increased iron needs to sustain erythropoiesis with increased
iron losses, resulting in a high prevalence of iron deficiency.
Excessive ESA dosing to overcome ESA resistance was associ-
ated with adverse cardiovascular outcomes in clinical trials.
Therefore, determining the optimal levels and strategy of iron
supplementation is a key for preventing the potential adverse
consequences of anaemia, ESA overdosing or iron overload.
Based on the available but incomplete evidence, guidelines rec-
ommend a range of target values for iron parameters in re-
sponse to iron supplementation [2, 3]. This review, which was
planned as part of the activity of the European Renal and
Cardiovascular Medicine Working Group, will focus on the risks
of functional iron deficiency and iron therapy, the interaction of
intravenous (IV) iron therapy with the cardiovascular system
and CKD and how the recently published Proactive IV Iron
Therapy in Haemodialysis Patients (PIVOTAL) trial testing dif-
ferent strategies of IV iron supplementation may change clinical
practice [4].

THE PHYSIOLOGY OF IRON METABOLISM

Iron is the fourth most common element in the Earth’s crust
and the most abundant transition redox-active metal in our
body. It has a dual property to either donate or accept electrons,
thus it catalyses many cellular redox reactions. In the Fenton re-
action, ferrous iron (Fe2þ) is oxidized by hydrogen peroxide
(H2O2) to ferric iron (Fe3þ), yielding highly reactive hydroxyl rad-
icals (HO•), while in the first step of the Haber–Weiss reaction,
Fe3þ is reduced by superoxide (•O�2 ) into ferrous (Fe2þ) ion. Iron
is essential for cell growth and survival, DNA synthesis and re-
pair, mitochondrial function and inflammation regulation. It is
also a prerequisite for haemoglobin (Hb) synthesis. However,
excess free iron is toxic to cells due to its ability to catalyse free
radical generation, leading to oxidative stress, dysfunctional

lipid membranes and ultimately to cell death and organ
damage.

In order to avoid plasma labile iron as much as possible, sys-
temic iron balance needs to be tightly regulated by the path-
ways that supply, utilize, recycle and store iron. Specialized
transport systems and membrane carriers have evolved in
mammals to maintain iron in a soluble state that is suitable for
circulation into the blood and transfer across cell membranes
[5, 6]. Iron homoeostasis relies mainly on the control of iron ef-
flux from duodenal enterocytes into the circulation and the
recycling of senescent erythrocytes by macrophages through
erythrophagocytosis.

Hepcidin is recognized as the ‘master regulator’ of iron
homoeostasis. Originally considered to be an antimicrobial mol-
ecule, hepcidin is a 25amino acid peptide, which is primarily
synthesized in hepatocytes. Its main action is to reduce the ef-
flux of recycled iron from iron-exporting tissues (i.e. splenic and
hepatic macrophages) as well as iron absorption from the gut [7,
8]. In particular, in reticulo-endothelial macrophages, hepcidin
binds to the cellular iron export channel ferroportin, causing its
internalization and subsequent degradation. In intestinal epi-
thelial cells, hepcidin mainly acts by decreasing the protein lev-
els of another iron channel, the apical divalent metal
transporter 1 (DMT1) [7, 8]. In vitro studies suggest that hepatic
hepcidin transcription is downregulated by iron deficiency, hyp-
oxia and ineffective erythropoiesis. In such conditions, low hep-
cidin levels allow for iron absorption from intestinal cells and
iron efflux from iron stores (macrophages, hepatocytes) into
plasma, enabling iron to be used by bone marrow cells for eryth-
ropoiesis. In contrast, hepcidin is upregulated by inflammatory
cytokines, bone morphogenetic proteins and iron. In situations
of iron overload or increased inflammation, increased hepcidin
results in decreased intestinal iron absorption and reduced ef-
flux from iron stores [9, 10].

Hepcidin is upregulated by several inflammatory cytokines,
including interleukin (IL)-6, IL-1a, IL-1b, and acute inflammatory
stimuli such as lipopolysaccharide [11, 12]. This increase causes
functional iron deficiency, considered as a major player in anae-
mia of chronic inflammatory disease. Patients with end-stage
renal disease (ESRD) are a typical example of greatly elevated
hepcidin levels [13] due to the inflammatory milieu accompany-
ing uraemia.

Of note, both hepcidin and iron carriers such as ferroportin
and DMT1 are expressed in the kidney and play important roles
in the control of iron transport and accumulation [14]. Ferroportin
is primarily located at the basal side and DMT1 at the apical side
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of epithelial cells, mainly at the proximal tubule and thick as-
cending limb. Under normal conditions, only a small portion of
transferrin is filtered through the glomerulus and reabsorbed via
the proximal tubule, while hepcidin prevents the reabsorption of
free iron present in the urine. When hepcidin is absent in the
thick ascending limb, the iron is reabsorbed and sequestrated via
DMT1 and ferritin or moves through ferroportin to the circulation
to bind again with transferrin. In haemolysis, Hb is largely reab-
sorbed and degraded by the proximal tubule and iron is recycled
again in the circulation [14].

Functional iron deficiency and positive iron balance

Functional iron deficiency is characterized by reduced iron
availability despite adequate iron stores due to the sequestra-
tion of iron within the storage sites. It is often observed in
patients with CKD and increased C-reactive protein levels; its
presence is suggested by the coexistence of low transferrin sat-
uration (TSAT) together with normal or high serum ferritin.
However, due to the lack of an unequivocal gold standard, its
true identification remains challenging.

Apart from being the cornerstone of anaemia of chronic dis-
ease and complicating many inflammatory diseases, recent ob-
servational studies suggest that functional iron deficiency per
se is associated with increased risk of morbidity and mortality
in various populations, including patients with heart failure
(HF) and patients with CKD of various stages [15–18]. This is of
importance because in patients with functional iron deficiency,
IV iron administration might worsen cardiovascular disease or
infections [2].

Following the publication of the Kidney Disease: Improving
Global Outcomes (KDIGO) anaemia guidelines in 2012 [2], the
use of iron has increased significantly. This went hand-in-hand
with a progressive increase in serum ferritin levels, especially in
the USA. In the USA, partially as a result of a new reimburse-
ment policy for ESRD, mean serum ferritin levels have increased
during the last decade, with 45.5% of the patients now having
serum ferritin >800 ng/mL [19]. In Europe, and even more so in
Japan, ESRD patients have in general lower ferritin levels [20]. In
this regard, the mortality of ESRD patients is higher in the USA
than in Japan and in many European countries, likely reflecting
not only heterogeneous genetic and environmental characteris-
tics, but also differences in the epidemiology of CKD, burden of
comorbidities and anaemia treatment modalities, including dif-
ferent iron administration practices.

Several observational studies have related high ferritin levels
with increased mortality in the non-dialysis (ND) [16, 17] and HD
populations [18]. However, these studies suffer from the bias that
ferritin is an inflammatory marker, possibly reflecting a higher
comorbidity burden. Even with some inconsistency [21, 22], obser-
vational studies have also linked high IV monthly iron doses
(>300–400 mg/month) with increased risk of death [23, 24].

In the pre-ESA era, iron overload and secondary
haemochromatosis were important clinical issues. Today, HD
patients who receive judicious doses of IV iron are likely to be
in a state of positive iron balance without clinically relevant
iron toxicity [25]. The concomitant use of ESAs, maintenance
iron administration and the reticuloendothelial distribution
of hepatic iron deposition likely minimize the potential
for iron toxicity. However, iron overload is detected not only in
inflamed patients, in whom inhibitory factors, like hepcidin,
decrease iron release from reticulo-endothelial and hepato-
cyte stores, but also in those without signs of overt clinical
infection [26].

Erythroferrone was first described in 2014 as an erythroid reg-
ulator of iron metabolism that mediates hepcidin suppression in
conditions of increased erythropoiesis [27]. Recently, high eryth-
roferrone levels have been found to be associated with an in-
creased risk of death and cardiovascular complications [28]. Of
note, treatment with ESAs amplified this relationship [28].
Considering that erythroferrone is a hepcidin suppressor, the
pathogenic explanation of this observation remains unclear.

Existing terminology regarding iron status is inconsistent;
the term ‘iron toxicity’ or ‘pathologic iron overload’ should be
used to describe the adverse clinical consequences of iron ther-
apy or disorders of iron metabolism. This implies that positive
iron balance does not automatically lead to iron toxicity, nor it
is a prerequisite for iron toxicity. The transition from positive
iron balance to iron toxicity appears to be dependent on factors
beyond the magnitude of body iron content and not necessarily
the amount of iron administered. When ‘excess’ iron is predom-
inately deposited in hepatocytes (i.e. parenchymal deposition),
as might be observed in hereditary haemochromatosis due to
mutations in the HFE gene, tissue damage is common, with iron
deposition into Kupffer cells being a late finding. In contrast,
when reticuloendothelial deposition of iron predominates, as is
expected with IV iron administration, tissue damage is less fre-
quent. Data from haemochromatosis patients suggest that a
‘spill over’ of iron from macrophages depends on both the speed
and magnitude of iron accumulation. In the setting of CKD and
IV iron therapy, iron would be expected to ‘spill over’ into hepa-
tocytes if labile plasma iron (LPI) is present [27]. Clinically rele-
vant concentrations of LPI would be expected if the iron-
carrying capacity of transferrin is saturated. ESA treatment thus
helps offset the increased hepcidin levels and iron loading
within macrophages that can occur with IV iron therapy,
supporting a synergistic relationship between therapies.
Interestingly, a substantial number of HD patients have positive
LPI after IV iron administration [29]; high ferritin and monthly
iron doses were associated with positive LPI after IV iron. No
statistical association was found between the patients having
positive LPI and the type of administered iron molecule; how-
ever, only a low percentage of patients received iron molecules
other than iron sucrose. Future studies should elucidate
the clinical significance of LPI, especially focusing on its effect
on cardiovascular morbidity and mortality and infectious
complications.

Role of iron in vascular dysfunction

Given its interplay with oxygen, iron has a possible role in regu-
lating arterial homoeostasis. Consequently, iron effects on two
very common complications of CKD, namely pulmonary arterial
hypertension (PAH) (Figure 1) and atherosclerosis (Figure 2),
have been widely investigated. Indeed, cardiovascular disease is
the leading cause of mortality in ESRD. In recent years, pulmo-
nary hypertension has been recognized as a complication of
ESRD and it is associated with a poor outcome [30].

The evidence coming from experimental animals is contro-
versial, showing both a detrimental effect of iron overload on
arterial function and improvement following iron administra-
tion. In rats, chronic administration of iron dextran induces en-
dothelial dysfunction, increases free radical production and
decreases nitric oxide (NO) bioavailability [31]. In turn, de-
creased NO levels lead to increased resistance of pulmonary ar-
teries, causing right ventricular hypertrophy and vascular
remodelling [32]. In another rat model, iron deficiency worsened
PAH and produced medial hypertrophy, being reversed by iron
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supplementation [33]. Interestingly, in animals with iron-
deficient pulmonary vascular smooth muscle cells (VSMCs) but
with otherwise normal circulating iron levels, PAH was probably
induced by an increased production of endothelin-1 [34].

In healthy individuals, iron chelation promotes hypoxic va-
soconstriction and increases pulmonary arterial pressure [35].
Abnormal iron handling has also been reported in several hu-
man conditions of PAH, with a significant percentage of
patients being iron deficient [36]. To further support the role of
iron in this condition, ferroportin has been found in human pul-
monary artery smooth muscle cells. In this context, hepcidin in-
creased proliferation of these cells, most likely by binding
ferroportin and resulting in iron internalization and cellular
retention [37]. On the other hand, iron supplementation can
reduce pulmonary systolic blood pressure (SBP) during exercise
in healthy individuals [38]. Overall, it seems that both low and
high levels of iron could increase pulmonary arterial pressure
by different mechanisms.

Regarding atherosclerosis, the evidence found in the litera-
ture is controversial. Iron can accumulate in the three main cell
types associated with the formation of atheroma plaques,
namely VSMCs, endothelial cells and macrophages [39].
Furthermore, iron loading in monocytes increased the oxidation
and accumulation of low-density lipoproteins (LDLs) and the ex-
pression of scavenger receptors polarizing macrophages to-
wards the pro-inflammatory M1 type [4]. In endothelial cells,
iron loading induces an increase of adhesion molecules [vas-
cualr cell adhesion molecules (VCAMs), intercellular adhesion
molecules (ICAMs) and selectin] [41]. Iron chelation has the op-
posite effect, decreasing the formation of foam cells [42]. In
mice and rabbits, iron administration increases the extent of
atherosclerosis, but it can also have a protective effect [46].
Conversely, iron restriction consistently decreased the extent of
atheroma plaque both in mice and rabbits [47, 48]. In VSMCs,
both iron administration and iron chelation have been shown
to decrease VSMC growth [49, 50].
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FIGURE 2: Iron and atherosclerosis. Iron availability has been linked to atherosclerosis. (A) In humans, iron excess or supplementation has been associated with in-

creased serum levels of vascular adhesion molecules and increased intima–media thickness, while symptomatic atherosclerotic plaques are rich in iron. (B) In experi-

mental animals, iron restriction was associated with milder atherosclerosis while there are inconclusive studies regarding the impact of iron supplementation on

atherosclerosis. Increased iron availability had inconclusive effects on smooth muscle cell proliferation while it promoted LDL accumulation and oxidation as well as

phenotypic changes in monocytes. In endothelial cells, increased iron availability increased the expression of adhesion molecules.
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PAH patients, iron deficiency was observed. In contrast, iron supplementation was associated with decreased pulmonary artery SBP. Additionally, hepcidin induced

cultured pulmonary smooth muscle cell proliferation. In rats, iron deficiency was also associated with PAH and promoted endothelin-1 secretion by pulmonary smooth

muscle cells. However, chronic administration of iron dextran was also potentially deleterious, decreasing nitrous oxide bioavailability.
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In humans, iron is associated with atherosclerosis. Indeed, it
accumulates in atheroma plaques and correlates with choles-
terol levels [51]. Also, symptomatic plaques show a higher iron
content than the asymptomatic ones [52].

In CKD patients, iron sucrose administration increased
soluble levels of adhesion molecules (sICAM, sVCAM) [43] and
cumulative iron dose was correlated with increased intima–
media thickness [53].

As already discussed, free iron is a cause of oxidative stress,
possibly contributing to endothelial dysfunction and athero-
sclerosis progression [47].

The link between serum hepcidin and atherosclerosis

Malhotra et al. [54] addressed some of the remaining issues re-
garding the role of hepcidin in atherogenesis using genetically
modified mice. Hepcidin inhibits iron release from macro-
phages via downregulation of the iron transporter ferroportin
and increases intracellular iron stores. Mice with combined
hepcidin and LDL receptor deficiency (Hamp�/�, Ldlr�/�) were
protected from atherosclerosis observed in Hampþ/þ, Ldlr�/�

mice after 21 weeks of high-fat diet and pro-inflammatory mac-
rophages were reduced. These data are in agreement with pre-
vious studies in which pharmacological inhibition of hepcidin
decreased foam cell formation and atherosclerosis [45].
However, although intracellular iron accumulation results in in-
creased oxidized LDL retention, inflammatory signalling and in-
tracellular reactive oxygen species generation, it is still
uncertain whether inhibiting hepcidin would reduce human
atherosclerosis. In a recent study, atherosclerosis plaque mac-
rophages expressed hepcidin and this may be part of a vicious
cycle implicating oxidized LDL cholesterol [55]. Thus oxidized
LDL cholesterol increased hepcidin production by macrophages
and iron retention while hepcidin or iron magnified macro-
phage Toll-like receptor 4 (TLR4)/nuclear factor jB (NF-jB) path-
way activation and foaming triggered by oxidized LDL.
However, studies in humans are scarce. Several human condi-
tions are associated with increased levels of hepcidin. Thus
higher hepcidin levels were associated with atherosclerotic pla-
ques in non-alcoholic fatty liver disease patients [56] and in the
general population [57] and with higher coronary artery calcium
score in rheumatoid arthritis [58]. Furthermore, higher hepcidin
levels are associated with cardiovascular events in HD patients
[59]. However, and although recent clinical trials have shown
the benefits of targeting inflammation in cardiovascular dis-
ease, the precise clinical impact of modifying iron homoeostasis
needs further investigation.

Iron and the heart

Anaemia is a major contributor to reduced exercise tolerance
and poorer quality of life in patients with HF irrespective of their
renal function. However, iron deficiency has been associated
with worse outcomes in patients with HF, independent of anae-
mia [60]. Moreover, IV iron supplementation but not anaemia
correction by ESAs has a beneficial effect in HF. This suggests
iron has direct actions on cardiac function.

There are several cellular mechanisms by which iron may
improve cardiac function. Iron plays an important role in cellu-
lar oxygen storage (myoglobin) and cell metabolism, especially
in tissues with a high energy demand, such as cardiomyocytes
[61]. In animal experiments, induction of iron deficiency has
been associated with the development of ventricular hypertro-
phy and systolic dysfunction, in which the sympathetic nervous

system appears to play a role [61–63]. The corollary of these
observations is that CKD, with its associated overactivity of the
sympathetic nervous system and high prevalence of left ven-
tricular hypertrophy, may be a setting where iron deficiency is a
potentially modifiable target for treatment, as it can directly in-
fluence myocardial dysfunction. Cardiomyocytes from the
explanted hearts of patients undergoing cardiac transplantation
for HF show iron depletion and dysfunction of iron-dependent
mitochondrial enzymes, again suggestive of a more direct effect
of iron on cardiac tissue function [64]. Mice models specifically
knocking out cardiomyocyte hepcidin develop fatal cardiomy-
opathy due to cellular iron deficiency despite normal systemic
iron metabolism. This suggests cardiomyocyte hepcidin has a
specific homoeostatic role in cardiac iron metabolism [65]. Iron
replenishment may also benefit skeletal muscle function, an ef-
fect thought to contribute to the improvement in patient symp-
toms and general functional capacity with iron therapy in
chronic HF.

Initial attempts to target anaemia in HF using a combination
of IV iron sucrose and ESAs demonstrated improvements in
functional status, triggering a number of studies examining
treatment strategies for anaemia in HF [66]. Several randomized
controlled trials showed that IV iron improves exercise capacity
and quality of life [67, 68]. The same effect was not observed
with oral iron [69]. IV iron also has benefits on exercise toler-
ance, documented by peak maximal oxygen consumption, New
York Heart Association class or by 6-min walk test in patients
with HF and reduced ejection fraction. In an individual patient
data meta-analysis of four trials including 839 participants (504
assigned to IV iron), ferric carboxymaltose (FCM) was associated
with fewer HF hospitalizations and lower cardiovascular mor-
tality frate ratio 0.59 [95% confidence interval (CI) 0.33–0.96]g
[70].

It is reasonable to hypothesize that any benefit seen with IV
iron on hospitalization for HF is merely due to increased Hb lev-
els. However, this is not the case, as a relevant effect was not
apparent when Hb was increased with ESA treatment. Indeed,
the Reduction of Events by Darbepoetin Alfa in HF trial [71] did
not show any benefit on the primary endpoint of all-cause mor-
tality or HF hospitalization when aiming towards normal Hb
levels with darbepoetin alpha.

Based on these data, the European Society of Cardiology
guidelines recommend that all patients with HF undergo as-
sessment of their iron status and that IV FCM should be consid-
ered in symptomatic patients primarily to improve exercise
capacity and quality of life [72].

Until now, clinical trials have not tested the effect of IV iron
on hard outcomes in patients with HF. Three large (>1000
patients) randomized controlled trials are currently ongoing.
FerinjectAssessment in Patients With IRon Deficiency and
Chronic HF 2 (NCT03036462; comparing FCM to placebo) and IV
Iron Treatment in Patients With HF and Iron Deficiency:
IRONMAN [NCT02642562; open-label iron (III) isomaltoside] en-
rol patients with HF and reduced ejection fraction, while the
Study to Compare Ferric Carboxymaltose With Placebo in
Patients With Acute Heart Failure and Iron
Deficiency(NCT02937454; comparing FCM to placebo) selects
patients who have been stabilized following an episode of acute
HF. The results of these clinical trials should inform whether IV
iron improves outcomes for patients with HF and by inference
should inform whether iron provides more direct cardiovascular
benefit specific to myocardial performance in the setting of car-
diac dysfunction.
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IV iron therapy in CKD patients: current knowledge

In anaemic CKD patients, the goal of iron therapy is to correct
absolute iron deficiency and to increase the Hb level to the de-
sired target. Moreover, it is also intended to avoid transfusions,
reduce anaemia-related symptoms and decrease ESA needs.

IV iron supplementation is considered the gold standard for
patients on long-term HD. This is in line with the findings of a
systematic review and meta-analysis by Shepshelovich et al.
[73]: IV iron was superior to oral iron in patients with CKD Stage
5D and CKD Stages 3–5, with a significantly greater number of
patients reaching an increase in Hb level >1 g/dL [relative risk
(RR) 2.14 for CKDStage 5D and 1.61 for CKD Stages 3–5]. IV iron
replacement was associated with a higher risk of treatment-
related hypotension (RR 3.71) and fewer gastrointestinal adverse
events (RR 0.43). The potential impact of IV iron on later vascu-
lar access availability in CKD Stages 3–5 was not addressed.

Nevertheless, the safety of IV iron at high doses is still a mat-
ter of debate. To answer this question, Hougen et al. [74] per-
formed a systematic review of seven randomized controlled
trials and 15 observational studies. No association was found
between iron doses (>400 mg/month for most studies) and mor-
tality or infection. Similarly, the observational studies included
in the meta-analysis showed no association between higher IV
iron dose (>200 mg/month for most studies) and several out-
comes, including mortality infection, cardiovascular events and
hospitalizations [74]. Of note, in the randomized trials, the
mean follow-up period was rather short.

In addition, the frequency and duration of IV iron adminis-
tration at different iron indices are still matters of debate. In
2007, the Dialysis Patients’ Response to IV Iron with Elevated
Ferritin study suggested that iron therapy may increase Hb lev-
els and reduce ESA requirements in patients with serum ferritin
levels >500 mg/L [75]. More recently, using clinical data from a
large US dialysis provider, Li et al. [76] analysed a cohort of
13 249 HD patients �65 years of age. Compared with the refer-
ence strategy, more intensive iron treatment at moderate–high
iron index levels were associated with higher risks of mortality
and infection-related events.

Limited data exist for patients on peritoneal dialysis. Iron
deficiency is a common observation in this population given the
lack of easy vascular access and the low efficacy of oral iron.
More sustained IV iron administration could be a therapeutic
option to be implemented [77].

In ND-CKD patients, the selection of oral versus IV adminis-
tration is less definite. The choice should take into account the
severity of anaemia, availability of venous access, response to
prior therapy, patient adherence and cost [78].

In recent years, three randomized trials compared the effi-
cacy and safety of oral versus IV iron, with contrasting results.
In the Randomized trial to Evaluate IV and Oral iron in CKD, 136
subjects at a single centre in the USA were randomized to re-
ceive open-label oral ferrous sulphate (325 mg tablets three
times daily for 8 weeks) or IV iron sucrose (200 mg every
2 weeks); patients were followed for 2 years [79]. No difference
was found in the primary outcome, i.e. between-group differ-
ence in slope of GFR change over 2 years.

The trial was terminated early because IV iron therapy was
associated with a surprisingly higher risk of serious adverse
events, including cardiovascular events and infection requiring
hospitalizations. However, the study was not adequately pow-
ered to test these hard endpoints. These findings thus need
careful interpretation. In another randomized trial, 351 iron-
deficient ND-CKD patients were randomized 2:1 to either IV iron

isomaltoside 1000 or iron sulphate (100 mg of elemental oral
iron twice daily for 8 weeks) [80]. Isomaltoside 1000 was superior
to oral iron sulphate in increasing Hb levels and was well toler-
ated. Instead, more patients stopped oral therapy due to side
effects.

The Ferinjectassessment in patients with Iron deficiency
anaemia and ND-dependent CKD (FIND-CKD) study was a 1-
year, randomized, multicentre trial of 626 patients with ND-
CKD, anaemia and iron deficiency without ESA therapy [81].
Patients were randomized (1:1:2) to high- or low-dose IV FCM or
oral iron therapy (200 mg daily). The high-dose FCM group had a
lower hazard ratio [HR 0.65 (95% CI 0.44–0.95), P¼ 0.026] of
reaching the primary endpoint (the need for further iron ther-
apy, ESA therapy and blood transfusions or two Hb levels <10 g/
dL). Ferritin levels of �800 mg/L in the high-ferritin FCM group
were not associated with an increase in serious adverse events.

These two trials suggest that for ND-CKD patients, the use of
a more stable iron formulation (ferumoxytol, FCM and iron iso-
maltoside 1000) would be appropriate, reducing the number of
iron infusions needed to achieve the same total dose.

The PIVOTAL trial: possible implications for clinical
practice

The PIVOTAL trial is a prospective, multicentric, randomized
controlled study that was conducted in the UK [4]. A total of
2141 patients undergoing HD for <12 months were randomized
to either high-dose IV iron sucrose proactively (400 mg monthly,
unless ferritin was >700 mg/L or TSAT�40%) or low-dose IV iron
sucrose in a reactive fashion (0–400 mg monthly if ferritin was
<200 mg/L or TSAT<20%). Over a median follow-up of 2.1 years,
the patients in the high-dose group received a median monthly
iron dose of 264 mg as compared with 145 mg in the low-dose
group. High-dose proactive iron therapy met the criteria for su-
periority in reducing the risk of reaching the composite primary
endpoint (non-fatal myocardial infarction, non-fatal stroke,
hospitalization for HF or death) [HR 0.85 (95% CI 0.73–1.00),
P< 0.001 for non-inferiority, P¼ 0.04 for superiority].
Furthermore, the patients in this group received a lower median
monthly dose of ESA and had a lower transfusion rate and a
lower HR to reach several secondary endpoints, including fatal
or non-fatal acute myocardial infarction and hospitalization for
HF. The infection risk and serious adverse events were similar
in the two groups. This was recently expanded by a prespecified
secondary analysis of the study [82], confirming identical infec-
tion rates in the two study arms.

Overall, these findings represent the first evidence support-
ing the safety and benefits of relatively high-dose IV iron ther-
apy in HD patients on ESA therapy when targeting serum
ferritin to 700 ng/mL in a proactive fashion. One point of reflec-
tion on the PIVOTAL trial is that, according to the trial design,
the control group received a more conservative approach than
that recommended by the KDIGO guidelines in 2012 [2]. This
may possibly leave a gap in the knowledge of whether proactive
IV iron therapy would have shown the same efficacy profile
when compared with the actual standard of care. Table 1 sum-
marizes current recommendations/suggestions on iron therapy
in CKD and HF from major international bodies.

According to the scientific information available at the time,
in 2013 the suggestions on iron therapy of the European Renal
Best Practice (ERBP) were more cautious [3], indicating as an up-
per limit for IV iron treatment in adult CKD patients on ESA
therapy a ferritin value of 500 ng/mL, especially in those with
adequate TSAT values (>30%). A course of IV iron therapy could
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be considered in patients having higher serum ferritin levels in
the presence of hyporesponsiveness to ESA or a risk:benefit ra-
tio going against ESA use [3].

This new evidence implies a more certain upper range of
ferritin level to aim at and not exceed with IV iron therapy. On
the other hand, keeping patients not completely iron replete
can cause them skip the full advantages of IV iron therapy. An
update of the specific ERBP suggestions on this specific point
has already been planned.

It should be remembered that the general applicability of
these findings to everyday clinical practice is not automatic.
Indeed, the patient population of the PIVOTAL trial [4] was se-
lected for having a short dialysis vintage and few signs of in-
flammation. This represents a niche of the HD population, in
whom a large percentage of patients have a higher burden of
comorbidities, are inflamed and/or have functional iron defi-
ciency. In this broader context, the long-term safety and
efficacy of IV iron therapy remain a grey area in the knowledge.
Moreover, the trial was performed in a single country (the UK),
with a high percentage of patients being Caucasian. In other
countries, iron needs could also depend on local extracorporeal
circuit rinsing practices or protocols for anaemia management
and IV iron dosing [83].

Considering that the PIVOTAL trial is the only trial at the
moment with nonetheless a low generalizability, its evidence is
insufficient to jump to final conclusions.

Other unanswered questions include the potential mecha-
nisms by which high-dose iron therapy improved outcomes
in the PIVOTAL trial. Was the benefit driven by increased Hb
concentrations, larger iron stores or reduced ESA needs? Iron
sucrose was used in the PIVOTAL trial. Would use of other,
newer IV iron formulations such as FCM or iron isomaltoside
have the same beneficial effects?

Finally, the median follow-up of the PIVOTAL trial is rela-
tively short compared with the whole scenario of everyday clin-
ical practice, where HD patients can be treated with IV iron for
much longer periods, even decades.

CONCLUSIONS

It is now >30 years since the hypothesis that iron status could
influence cardiovascular risk was first proposed. Accordingly,
IV iron therapy has been associated with increased risks of
atherothrombosis, vascular calcification, oxidative stress and
infection, leading to the fear that excessive IV iron therapy
could be associated with worse outcomes. The results of the
PIVOTAL trial go a long way to allay these concerns [4]. The ob-
served reduction in the primary composite endpoint is welcome
reassurance that high-dose IV iron, targeting higher ferritin and
TSAT concentrations than those recommended by most current
guidelines, appears to be not only safe, but actually beneficial.
The reduction in hospitalizations for HF and death observed in
the PIVOTAL trial [4] is consistent with the findings of a meta-
analysis of four trials testing IV iron in HF patients [70]. This
is of particular interest considering that CKD patients with
declining renal function are at high risk for HF as a consequence
of uraemic cardiomyopathy [84]. This peculiar phenotype is
characterized by increased left ventricular mass/hypertrophy,
diastolic and systolic dysfunction and myocardial fibrosis.

For once we appear to have evidence of an intervention that
can improve cardiovascular outcomes in HD patients. We must
not be complacent, as further research is required into the
mechanisms, generalizability (patients and preparations) and
health economic implications (lower ESA and transfusionT

ab
le

1.
C

om
p

ar
is

on
of

in
d

ic
at

io
n

s
fo

r
ir

on
th

er
ap

y
b

et
w

ee
n

C
K

D
an

d
H

F

B
o

d
y

Y
ea

r
Se

tt
in

g
O

bj
ec

ti
ve

ES
A

-t
re

at
ed

ve
rs

u
s

u
n

tr
ea

te
d

Fe
rr

it
in

ta
rg

et
T

SA
T

ta
rg

et
M

ax
im

u
m

St
ar

t
ir

o
n

St
o

p
ir

o
n

St
ar

t
ir

o
n

St
o

p
ir

o
n

K
D

IG
O

[2
]

20
12

A
ll

C
K

D
st

ag
es

H
b

in
cr

ea
se

o
r

d
ec

re
as

e
in

ES
A

d
o

se
N

o
d

if
fe

re
n

ce
�

50
0

n
g/

m
L

�
50

0
n

g/
m

L
(a

cc
ep

te
d

�
80

0
n

g/
m

L
in

H
D

)

<
30

%
>

30
%

H
ig

h
er

fe
rr

it
in

le
ve

ls
in

p
at

ie
n

ts
h

yp
o

re
sp

o
n

si
ve

to
ES

A
o

r
in

w
h

o
m

d
is

co
n

ti
n

u
at

io
n

o
f

ES
A

th
er

ap
y

is
p

re
fe

rr
ed

ER
B

P
[3

]
20

13
N

D
-C

K
D

C
o

rr
ec

t
ab

so
lu

te
ir

o
n

d
efi

ci
en

cy
H

b
in

cr
ea

se
o

r
d

ec
re

as
e

in
ES

A
d

o
se

D
if

fe
re

n
t

re
co

m
m

en
d

at
io

n
ES

A
-n

aı̈
ve

:
<

20
0

n
g/

m
L

ES
A

th
er

ap
y:

<
30

0
n

g/
m

L

ES
A

-n
aı̈

ve
:

>
50

0
n

g/
m

L
ES

A
th

er
ap

y:
>

50
0

n
g/

m
L

ES
A

-n
aı̈

ve
:<

25
%

ES
A

th
er

ap
y:
<

25
%

�
30

%
N

o
t

gi
ve

n

ER
B

P
[3

]
20

13
C

K
D

St
ag

e
5D

C
o

rr
ec

t
ab

so
lu

te
ir

o
n

d
efi

ci
en

cy
In

cr
ea

se
H

b
o

r
d

ec
re

as
e

ES
A

d
o

se

N
o

d
if

fe
re

n
ce

<
30

0
n

g/
m

L
�

50
0

n
g/

m
L

<
30

%
�

30
%

H
ig

h
er

se
ru

m
fe

rr
it

in
le

ve
ls

in
th

e
p

re
se

n
ce

o
f

h
yp

o
re

sp
o

n
si

ve
n

es
s

to
ES

A
o

r
a

ri
sk

:b
en

efi
t

ra
ti

o
go

in
g

ag
ai

n
st

ES
A

u
se

Eu
ro

p
ea

n
So

ci
et

y
o

f
C

ar
d

io
lo

gy
(E

SC
)[

77
]

20
16

H
F

A
ll

ev
ia

te
H

F
sy

m
p

to
m

s
Im

p
ro

ve
ex

er
ci

se
ca

p
ac

-
it

y
an

d
q

u
al

it
y

o
f

li
fe

N
o

t
ap

p
li

ca
bl

e
<

10
0

n
g/

m
L

o
r

10
0–

29
9

n
g/

m
L

if
T

SA
T
<

20
%

�
30

0
n

g/
m

L
<

20
%

�
20

%
N

o
t

gi
ve

n

Intravenous iron therapy and the cardiovascular system | 1073

D
ow

nloaded from
 https://academ

ic.oup.com
/ckj/article/14/4/1067/6006724 by EVES-Escola Valenciana dÉstudis de la Salut user on 21 M

arch 2022



needs, lower hospitalization rate, lower burden of comorbidities
and deaths?).

Further research and clinical practice of IV iron therapy will
also have to take into consideration the impact of inhibitors of
the prolyl-hydroxylases domain, given that this new class of
drugs decreases hepcidin levels and possibly improves iron
utilization.

We must not rest on our laurels, but as Geoffrey Chaucer
would have put it, ‘Strike while the iron is hot!’ .
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53. Drüeke T, Witko-Sarsat V, Massy Z et al. Iron therapy, ad-
vanced oxidation protein products, and carotid artery
intima-media thickness in end-stage renal disease.
Circulation 2002; 106: 2212–2217

54. Malhotra R, Wunderer F, Barnes HJ et al. Hepcidin deficiency
protects against atherosclerosis. Arterioscler Thromb Vasc Biol
2019; 39: 178–187

55. Xiao L, Luo G, Guo X et al. Macrophage iron retention aggra-
vates atherosclerosis: evidence for the role of autocrine for-
mation of hepcidin in plaque macrophages. Biochim Biophys
Acta Mol Cell Biol Lipids 2020; 1865: 158531

56. Valenti L, Swinkels DW, Burdick L et al. Serum ferritin levels
are associated with vascular damage in patients with nonal-
coholic fatty liver disease. Nutr Metab Cardiovasc Dis 2011; 21:
568–875

57. Galesloot TE, Holewijn S, Kiemeney LA et al. Serum hepcidin
is associated with presence of plaque in postmenopausal
women of a general population. Arterioscler Thromb Vasc Biol
2014; 34: 446–456

58. Abdel-Khalek MA, El-Barbary AM, Essa SAM et al. Serum hep-
cidin: a direct link between anemia of inflammation and cor-
onary artery atherosclerosis in patients with rheumatoid
arthritis. J Rheumatol 2011; 38: 2153–2159

Intravenous iron therapy and the cardiovascular system | 1075

D
ow

nloaded from
 https://academ

ic.oup.com
/ckj/article/14/4/1067/6006724 by EVES-Escola Valenciana dÉstudis de la Salut user on 21 M

arch 2022



59. van der Weerd NC, Grooteman MPC, Bots ML et al. Hepcidin-
25 is related to cardiovascular events in chronic haemodialy-
sis patients. Nephrol Dial Transplant 2013; 28: 3062–3071

60. Jankowska EA, Rozentryt P, Witkowska A et al. Iron defi-
ciency: an ominous sign in patients with systolic chronic
heart failure. Eur Heart J 2010; 31: 1872–1880

61. Zhabyeyev P, Oudit GY. Unraveling the molecular basis for
cardiac iron metabolism and deficiency in heart failure. Eur
Heart J 2017; 38: 373–375

62. Maeder MT, Khammy O, dos Remedios C et al. Myocardial
and systemic iron depletion in heart failure implications for
anemia accompanying heart failure. J Am Coll Cardiol 2011;
58: 474–480

63. Dong F, Zhang X, Culver B et al. Dietary iron deficiency indu-
ces ventricular dilation, mitochondrial ultrastructural aber-
rations and cytochrome c release: involvement of nitric
oxide synthase and protein tyrosine nitration. Clin Sci (Lond)
2005; 109: 277–286

64. Melenovsky V, Petrak J, Mracek T et al. Myocardial iron con-
tent and mitochondrial function in human heart failure: a
direct tissue analysis. Eur J Heart Fail 2017; 19: 522–530

65. Vela D. Balance of cardiac and systemic hepcidin and its role
in heart physiology and pathology. Lab Invest 2018; 98:
315–326

66. Silverberg DS, Wexler D, Blum M et al. The use of subcutane-
ous erythropoietin and intravenous iron for the treatment of
the anemia of severe, resistant congestive heart failure
improves cardiac and renal function and functional cardiac
class, and markedly reduces hospitalizations. J Am Coll
Cardiol 2000; 35: 1737–1744

67. Jankowska EA, Tkaczyszyn M, Suchocki T et al. Effects of in-
travenous iron therapy in iron-deficient patients with sys-
tolic heart failure: a meta-analysis of randomized controlled
trials. Eur J Heart Fail 2016; 18: 786–795

68. van Veldhuisen DJ, Ponikowski P, van der Meer P et al. Effect
of ferric carboxymaltose on exercise capacity in patients
with chronic heart failure and iron deficiency. Circulation
2017; 136: 1374–1383

69. Lewis GD, Malhotra R, Hernandez AF et al. Effect of oral iron
repletion on exercise capacity in patients with heart failure
with reduced ejection fraction and iron deficiency: the
IRONOUT HF randomized clinical trial. JAMA 2017; 317:
1958–1966

70. Anker SD, Kirwan BA, van Veldhuisen DJ et al. Effects of ferric
carboxymaltose on hospitalisations and mortality rates in
iron-deficient heart failure patients: an individual patient
data meta-analysis. Eur J Heart Fail 2018; 20: 125–133

71. Swedberg K, Young JB, Anand IS et al. Treatment of anemia
with darbepoetin alfa in systolic heart failure. N Engl J Med
2013; 368: 1210–1219

72. Ponikowski P, Voors AA, Anker SD et al. 2016 ESC guidelines
for the diagnosis and treatment of acute and chronic heart
failure: the task force for the diagnosis and treatment of
acute and chronic heart failure of the European Society of
Cardiology (ESC) developed with the special contribution of
the Heart Failure Association (HFA) of the ESC. Eur J Heart Fail
2016; 18: 891–975

73. Shepshelovich D, Rozen-Zvi B, Avni T et al. Intravenous ver-
sus oral iron supplementation for the treatment of anemia
in CKD: an updated systematic review and meta-analysis.
Am J Kidney Dis 2016; 68: 677–690

74. Hougen I, Collister D, Bourrier M et al. Safety of intravenous
iron in dialysis: a systematic review and meta-analysis. Clin J
Am Soc Nephrol 2018; 13: 457–467

75. Coyne DW, Kapoian T, Suki W et al. Ferric gluconate is highly
efficacious in anaemic hemodialysis patients with high se-
rum ferritin and low transferrin saturation: results of the
Dialysis Patients’ Response to IV Iron with Elevated Ferritin
(DRIVE) Study. J Am Soc Nephrol 2007; 18: 975–984

76. Li X, Cole SR, Kshirsagar AV et al. Safety of dynamic intrave-
nous iron administration strategies in hemodialysis
patients. Clin J Am Soc Nephrol 2019; 14: 728–737

77. Mitsopoulos E, Lysitska A, Pateinakis P et al. Efficacy and
safety of a low monthly dose of intravenous iron sucrose in
peritoneal dialysis patients. Int Urol Nephrol 2020; 52: 387–392

78. Roger SD. Practical considerations for iron therapy in the
management of anaemia in patients with chronic kidney
disease. Clin Kidney J 2017; 10: i9–i15

79. Agarwal R, Kusek JW, Pappas MK. A randomized trial of in-
travenous and oral iron in chronic kidney disease. Kidney Int
2015; 88: 905–914

80. Kalra PA, Bhandari S, Saxena S et al. A randomized trial of
iron isomaltoside 1000 versus oral iron in non-dialysis de-
pendent chronic kidney disease patients with anaemia.
Nephrol Dial Transplant 2016; 31: 646–655

81. Macdougall IC, Bock AH, Carrera F et al.FIND-CKD: a random-
ized trial of intravenous ferric carboxymaltose versus oral
iron in patients with chronic kidney disease and iron defi-
ciency anaemia. Nephrol Dial Transplant 2014; 29: 2075–2084

82. Macdougall IC, Bhandari S, White C et al. Intravenous iron
dosing and infection risk in patients on hemodialysis: a pre-
specified secondary analysis of the PIVOTAL trial. Clin J Am
Soc Nephrol 2020; 31: 1118–1127

83. Robinson BM, Larkina M, Bieber B et al. Evaluating the effec-
tiveness of IV iron dosing for anemia management in com-
mon clinical practice: results from the Dialysis Outcomes and
Practice Patterns Study (DOPPS). BMC Nephrol 2017; 18: 330

84. Wanner C, Amann K, Shoji T. The heart and vascular system
in dialysis. Lancet 2016; 388: 276–284

1076 | L.D. Vecchio et al.

D
ow

nloaded from
 https://academ

ic.oup.com
/ckj/article/14/4/1067/6006724 by EVES-Escola Valenciana dÉstudis de la Salut user on 21 M

arch 2022


