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Abstract. Absolute and functional iron deficiency (ID) is a critical factor contributing to various cardiac issues, including mitochondrial
dysfunction, myocardial remodeling, and significant systolic and diastolic impairments. These conditions increase the
risk of left ventricular hypertrophy, pulmonary congestion, cardiac fibrosis, and decreased exercise tolerance in patients
with heart failure (HF). Therefore, timely and accurate diagnosis of ID is essential, as it can be a primary or secondary
treatment goal. Current diagnostic criteria often rely on serum ferritin levels, which can be misleading and are derived from
previous clinical trial eligibility criteria. This review examines multiple randomized clinical trials, studies, and meta-analyses
that advocate for a redefinition of ID. It proposes new diagnostic criteria based primarily on transferrin saturation (TSAT)
levels below 20%, which demonstrate high specificity and sensitivity for identifying candidates for treatment. These criteria
correlate significantly with survival rates and cardiovascular outcomes. Additionally, emerging indicators of ID, such as
serum soluble transferrin receptor (sTfR) and the sTfR-ferritin index, are discussed. These indicators provide insights into
mitochondrial iron status and help differentiate between absolute iron deficiency (AID) and functional iron deficiency (FID).
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Pestome. A6contoTHrAT (AX) 1 yHKUMOHaNHWAT xeneseH aecdpuunt (KI) ca He3aBUCUMM MATOreHETUYHN PaKTOPK 3a HapyLLeHa
MWTOXOHLpUanHa CTPyKTypa, MMOKapaHO PEMOAENMPaHE, TexKa CUCTONHA W AWacTOmNHa ANCHYHKLMS, NOBULLEH PUCK OT
xunepTpodus 1 aunataumus Ha nssata kamepa, 6enogpobeH 3acToit, chbpaeyHa Gubposa 1 orpaHuyeH usniecku kana-
unTeT. X[ e ycnopeaHa u CaMocTosITENHA TepaneBTUYHA LieNn Npu naumeHTn cbe CH, KOSTO M3UCKBA PaHHO W TOYHO Auar-
HocTMUMpaHe. CblyeCTByBaLLMTE TPAAMLMOHHW NokasaTeny 3a AokassaHe Ha X[ ce 6a3upar Ha CnopHM 1 NogBeXaaLLm
CEPYMHW H1BA Ha (hepuTUHa (Halt-4ecTo B pepepeHTHUS HTEPBAN), MEXaHUYHO B3ETU OT KPUTEPUMTE 3a AOMYCTUMOCT
B KNUHUYHU npoyyBaHus (KIM). B nutepatypHus 0630p ce aHanuanpat peauua KIl, HayuHn pa3paboTku u meTaaHanmau,
kouTo obocHoBaBaT HeobxoauMocTTa oT pegeduHuLmMs Ha XK. MocoueHm ca NpeAnoxeHUsTa 3a HoBM kputepun 3a X[,
OCHOBaHM npeaumHo Ha TSAT < 20%. Mogo6eH anarHocTU4YeH NOAX0A NpUTEXaBa BUCOKA CneLmdUYHOCT 1 YyBCTBUTEN-
HOCT, UeHTUULMPa NO-TOYHO NOAXOASLLMTE 3a NeYeHe NaLMEHTU U NpUTEXaBa 3HaUMMO NPOTHOCTUYHO 1 NPEAUKTUBHO
3HaueHune, T.e. KOpenupa ¢ NPEXWBSEMOCTTA N CbPAEYHNTE CbOUTUS, KaKTO M C YecToTaTa M kKauecTBOTO Ha Tepanes-
TUYHUS OTroBOP. Pa3rneaany ca v HIKoM HOBM WarHOCTUYHM nokasatenu 3a X[ — pa3TBopuM (hepuUTUHOB peLenTop B
cepyma (sTfR), cboTHoweHusita sTFR mg/L u log Ha depuTuH B pg/L (dpeputHoB nHgekc) u sTIR:xenynamH, oTpasssallm
MWUTOXOHAPMAIHNS XeneseH ctatyc u pasrpaHnyasalym AXL ot OX[.

Kntouyosu pymu: a6COJ'I}0TeH/¢)yHKLI|VIOHaJ'IeH xeneseH necbmu,m, OWarHOCTUYHW KpuTepun, CbpAeyHa HeAOCTaTb4YyHOCT, NEeYeHne
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INTRODUCTION

Heart failure (HF) is a widespread condition and
presents a major healthcare challenge worldwide. It is
the leading cause of hospitalization in patients above
65 years of age and has a 75% mortality rate at 5 years
of diagnosis. Given the aging population in western
countries, HF is not only becoming more common but
also presents a progressively increasing financial bur-
den on healthcare systems. One of the main charac-
teristics of HF patients is the high incidence of comor-
bidities. About half of the adult patients with HF have
at least 5 or more comorbidities such as overweight,
metabolic syndrome, diabetes mellitus, arterial hyper-
tension, cerebrovascular disease, COPD, PAD, CKD,
degenerative-inflammatory joint diseases, anaemia,
cancer, etc. The above have a negative impact on HF
and, by modulating the therapeutic response, worsen
the prognosis and survival of patients [1]. Among all
comorbidities, iron deficiency both absolute and func-
tional (AID/FID) and iron deficiency anaemia (IDA)
have a disturbingly high relative incidence. The true
incidence of ID in general population is unknown,
which is evident from the very wide range reported in
the literature: 4-18% in Western Europe and 9-50% in
Eastern European countries. Manifest IDA is signifi-
cantly less common — 2.6-5%. In general, ID is much
more common than IDA. In patients with chronic and
acute HF it occurs in 50-57% of men, and in about
80% of women, proportional to their NYHA class [2].
ID in HF has been widely discussed in specialized lit-
erature for decades. Numerous randomized clinical
trials (RCTs) and publications have demonstrated that
ID irrespective of haemoglobin (Hb) levels is an inde-
pendent prognostic indicator for reduced exercise ca-
pacity, increased risk of death, readmission, impaired
quality of life, and identifies patients with the highest
risk of death after an episode of acute heart failure
[3]. Because of the above ID is to be viewed not only
as a concomitant condition but also as a significant
pathogenetic factor in the evolution of HF, subject to
mandatory therapeutic correction.

Table. 1. Biological significance of iron

BIOLOGICAL SIGNIFICANCE

Iron (Fe) is a microelement of great importance
for the gas exchange. It is a structural element of
Hb and a co-factor of over 30 key enzyme systems
responsible for energy production in all human cells
and for the synthesis of important organic com-
pounds (Table 1) [1].

Enzymatic Fe is of key importance for normal mito-
chondrial function, especially for cells with high energy
needs, high metabolic activity and mitogenic potential
— cardiomyocytes, skeletal muscles, neurons, hepato-
cytes, kidney cells, hematopoietic and immune cells
[4]. On the other hand, quantitative deviations of Fe
in ID and iron overload, especially in cardiomyocytes
could cause serious dysfunction posing a therapeutic
challenge. Fe is an example of the well-known “phys-
iological paradox” — on the one hand, it is vital for gas
transport and energy production in the cell, on the other
— It catalyses the formation of toxic radicals and oxida-
tive cell damage.

MAIN STAGES IN THE SYSTEMIC
METABOLISM OF FE

In practice, Fe has a “closed” metabolism and
utilises almost the same iron atoms, due to the nu-
merous processes of reuse of “aged” cells and iron
accumulation sites. Approximately 90% the Fe re-
quired daily is obtained through recycling and only
about 10% through intestinal absorption [5]. The tox-
icity of Fe*/Fe** ions is physiologically minimized
by their almost complete binding to the intracellular
protein ferritin or to the extracellular transferrin. The
mechanisms and main participants in the resorption,
transport, storage and utilization of Fe have been
well studied (Fig. 1 and Fig. 2). In the epithelial cells
of the duodenum and the initial part of the small in-
testine, Fe binds to a specific protein — apoferritin
and ferritin is formed. Fe is stored in macrophages
and hepatocytes in this form.

Participates in the synthesis of:

hem

lipids and cholesterol

catecholamines and neurotransmitters
collagen, carnitine

thyroid hormones

prostaglandins, thromboxane

purines

RNA, DNA replication and regeneration

Transport and storage of O,

Hypoxia regulation

Inflammatory reactions

Immune reactions (proliferation of immune cells and immune
response)

Antioxidant defence

Oxidative stress

Drug inactivation

Apoptosis

O, transport in CNS (neuroglobin)

(adaptation of Alnuwaysir RIS and co-authors, BioRender.com)
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Fig. 2. Systemic iron homeostasis (Ganz T, Physiological Reviews. 2013) [7]

Iron passes from enterocyte mucosa into the
blood through a special transport protein — ferropor-
tin. The transport of inactive Fe®* into the circulation
is carried out by the glycoprotein transferrin, which
binds Fe absorbed and released from macrophages
and hepatocytes with high affinity. A cell membrane
complex of transferrin and transferrin receptor pro-
tein (TfR1) ensures, the conversion of Fe® into bi-
ologically active cytosolic Fe?* through endocytosis.

The above is necessary for the synthesis of ATP and
hem from erythroid precursors. Excess cytosolic Fe?*
catalyses the oxidation of membrane phospholipids
with subsequent cell death by ferroptosis. Ferri-
tin-mediated regulation of cytosolic Fe?" is crucial in
the balance between ferritinophagy and ferroptosis
[6]. In healthy adults, serum ferritin levels are typical-
ly maintained at = 20-300 ug/L in men and = 20-200
pg/L in women.
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HEPCIDIN — A MAJOR REGULATOR
OF IRON METABOLISM

The export of Fe via ferriportin from the basal side
of the enterocyte into the blood is regulated by the cir-
culating polypeptide hormone hepcidin. It is synthe-
sized mainly by hepatocytes and is the first hormone
proven to regulate Fe homeostasis. At high levels of
Fe in transferrin or increased stores in ferritin, hepcidin
blocks the “gate” in the membranes of enterocytes and
macrophages, respectively the transport function of
ferroportin, which limits the mobilization of Fe from en-
terocytes, hepatocytes and macrophages [7] (Fig. 2).

The same mechanism suppresses the entry of ali-
mentary and medicinal Fe. Conversely, when serum Fe
decreases, hepcidin production is suppressed, which
stimulates Fe resorption and release. Proinflammatory
cytokines (IL-6, IL-1) have a significant negative impact
on Fe homeostasis: they increase hepcidin secretion,
decrease the response to erythropoietin (EPO), induce
apoptosis of erythroid precursors, decrease transfer-
rin expression and suppress ferroportin mRNA [6, 7].
The importance of inflammatory processes has been
demonstrated in the studies of Jankowska E. A et al.,
Zaritsky J. et al., Mecklenburg | et al., who found in-
creased levels of hepcidin: up to 98 ng/mL in patients
with mild CKD 270 ng/ml; 218 ng/mL in CKD stages 2-4
and 577 ng/mL in active inflammatory bowel disease
[6, 8, 9]. This is 10-20 fold higher than the normal range
of 11.4 ng/mL in premenopausal women and 21.8 ng/
mL in men, and shows some correlation with CRP [10].

IRON METABOLISM IN THE MYOCARDIUM

Intracellular iron status and transport — uptake,
utilization, storage and excretion by cardiomyocytes
is regulated by specific mechanisms that ensure suf-
ficient cytosolic Fe, limit the release of active Fe?* and
lipid peroxidation [1, 11]. Iron homeostasis in the myo-
cardium is governed by a transcriptional system for the
iron regulatory protein (IRP-1/-2) and corresponding
changes in iron transporters — transferrin receptor-1
(TFR-1), divalent metal transporter-1 (DMT-1) and
ferroportin (FPN) [11]. The transferrin — transferrin re-
ceptor protein (TfR1) complex undergoes endocytosis
and intracellular Fe® is converted to biologically active
cytosolic Fe?*, which in excess is sequestered in the
ferritin nanocage in the unreactive Fe** form. If cardiac
ferritin is overexpressed, Fe remains trapped in ferritin
and HF occurs. Excess cytosolic Fe?* is sequestered
in the ferritin nanostructure in the unreactive Fe3* form,
from where it is released as needed by ferritinophagy.
When cytosolic Fe?* is low, ferritinophagy is enhanced,
and conversely, when Fe?* is elevated, cellular ferro-
ptosis occurs [6]. When ferritin is overexpressed, Fe

remains sequestered in the ferritin nanoshell, causing
cellular HF. Cardiac hepcidin is regulated intracrinely
by damage or inflammation of cardiomyocytes, and
its expression is increased in cases of dietary Fe defi-
ciency (the opposite of systemic hepcidin). It should be
noted that in HF, myocardial ID does not correlate with
standard biomarkers assessing systemic iron homeo-
stasis. Another mechanism for ID-induced HF is neu-
rohormonal activation, which reduces myocardial Fe.
In an experimental study, it was found that decreased
TFR1 expression was associated with increased acti-
vation of the neuroendocrine system, especially aldo-
sterone and norepinephrine [12].

CONSEQUENCES OF IRON DEFICIENCY
IN THE MYOCARDIUM

As already indicated, after entering the cell, Fe®* is
converted into a highly reactive Fe?* ion, necessary for
the synthesis of haemoglobin or as a major component
in Fe-S clusters and the electron transport chain (ETC).
Hao Zhang and co-workers identified a number of mi-
tochondrial metabolic dysfunctions and disturbances
in the enzymatic activity of the respiratory chain in
HF. The enzymatic activity of ETC correlates with the
levels of Fe in the myocardium, and in ID remodelling
is impaired and characterised by increased oxidative
stress. Dilated cardiomyopathy for example is charac-
terised by subcellular dysregulation in Fe metabolism:
reduced membrane and cytosolic levels of transporters
for Fe uptake and increased levels of the Fe exporter
in the sarcolemma. In ID, regardless of erythropoiesis
and systemic Fe status, cardiomyocytes have impaired
systolic and diastolic function due to structural chang-
es with improper organization of the sarcolemma, mito-
chondrial swelling, increased anaerobic processes and
glycolysis with accumulation of lactic acid, impaired ox-
idative phosphorylation, decreased antioxidant activity,
ultimately resulting in hypertrophy and dilatation of the
left ventricle, pulmonary congestion and cardiac fibro-
sis [12]. The damaging effect of the excess Fe should
not be underestimated as well - permanent or transient
excesses of cytosolic Fe (after boluses of intravenous
Fe) increase the levels of malondialdehyde (lipid per-
oxidation) and troponin [13].

CAUSES OF IRON DEFICIENCY IN HEART
FAILURE

The main mechanisms of iron deficiency are in
general: 1) reduced iron intake, 2) reduced absorption
and 3) increased loss. In HF, the most common caus-
es of iron deficiency are more peculiar. According to
literature, 35% to 78% of patients with HF suffer from
malnutrition, associated with fatigue, dyspnoea, swal-
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lowing disorders, nausea, anxiety, monotonous food,
reduced appetite, dyspepsia after eating and early sati-
ety, and frequent use of antacid medications worsening
absorption [14]. Consumption of lighter or plant-based
food is not a solution — non-hem iron is reabsorbed
more difficultly, and studies have shown that a vege-
tarian diet leads to 2.5-fold increase in the incidence of
iron deficiency. Secondly, the infamous gastrointestinal
congestion in CHF is associated with non-occlusive
intestinal ischemia, mucosal oedema, increased per-
meability, altered microbiome, and impaired absorption
[14]. Another important cause of ID is occult blood loss
from the congestive and vulnerable mucosa of the gas-
trointestinal tract in the presence of antiplatelet and an-
ticoagulant treatment (often in combination) in patients
with CHF [12].

CLINICAL MANIFESTATION OF IRON
DEFICIENCY

ID is a condition in which the Fe available in the
body is insufficient, both for the enzyme systems and
for normal erythropoiesis. ID can lead to a variety of
clinical manifestations, affecting multiple systems. The
severity of symptoms often correlates with the degree
of deficiency and the individual’'s overall health. The
primary clinical manifestations associated with iron
deficiency are: ID anemia, cognitive impairments, der-
matological changes (hair loss, brittle nails, glossitis),
cardiovascular symptoms (tachycardia, fatigue and
weakness) and gastrointestinal symptoms (dysphagia,
abdominal discomfort).

According to the European Society of Cardiology
ID is defined as serum ferritin < 100 ng/mL, or between
100-299 ng/mL, but with TSAT < 20%. Currently, ID is
classified into 2 forms based on its specific pathophys-
iological role and independently from anemia — abso-
lute (AID) and functional (FID). AID is characterized by
reduced iron stores in bone marrow macrophages, liver
and spleen, respectively with low levels of serum ferri-
tin, serum Fe and TSAT < 20%. The gold standard for
identifying AID is serum ferritin level < 15-20 ug/L, TSAT
< 20%, elevated soluble transferrin receptor (sTfR) lev-
els, and decreased hepcidin secretion. Conversely, in
FID, the levels of stored iron are normal or elevated
(normal or elevated ferritin), but Fe cannot be released
due to blockage of ferroportin by hepcidin, i.e. subopti-
mal transport. Such a constellation is most commonly
observed in inflammatory, infectious, and neoplastic
conditions [15] Due to low TSAT, ferritinophagy and Fe
release from the ferritin nanostructure decrease in par-
allel with cytosolic iron levels, while intracellular and se-
rum ferritin levels increase. FID is usually characterised
by normal serum Fe, TSAT < 20% and ferritin levels of
at least > 15-20 ug/L, but in reality they are often higher

and out the reference range, which excludes AID [13].
In an analysis by Grote Beverborg N et al of the EFINE-
HF and BIOSTAT-CHF studies including 2357 patients,
the two forms of ID were defined as LIS (Low Iron Stor-
age) — low storage of Fe (transferrin saturation below
20% and serum ferritin concentration < 128 ng/mL) and
DIU (Defective Iron Utilization) - defective utilization of
Fe (transferrin saturation below 20% and serum ferritin
concentration above 128 ng/mL). LIS correlates with a
higher incidence of IDA and a worse quality of life, and
DIU with higher levels of inflammatory markers. Both
forms of ID showed an abnormal 6-minute walk test,
but only LIS was an independent predictor of all-cause
mortality or (re)hospitalizations for worsening HF (haz-
ard ratio, 1.47; 95% ClI, 1.26-1.71; P < 0.001) [16].

Evidently, both definitions leave room for possible
misinterpretations. They are both based on ferritin lev-
els within a wide reference range. Furthermore, ferritin
is not only an indicator of iron stores, but also an acute
phase protein. Unlike ferritin, TSAT increases to a less-
er degree in response to inflammation and correlates
well with available Fe [17].

Anemia in iron deficiency is also differentiated
depending on the preceding etiopathogenetic mecha-
nisms resulting in ID. Itis classified into 2 forms: classic
ID and the so-called anaemia secondary to chronic dis-
ease. The well-known classic ID anaemia develops as
a result of persistent iron deficiency. It is characterised
by low serum Fe, ferritin, erythrocyte indices (microcy-
tosis, hypochromia) and high IBC. Anemia in chronic
diseases is most often the result of FID, in which Fe is
unavailable for use, and a low level of erythropoietin
are often observed; The erythrocyte indices are usually
unchanged (normocytosis with normochromemia), and
the serum Fe and TSH are low, while ferritin level is
most often normal or elevated. It is evident that both
forms of ID, as well as both types of anaemia pathoge-
netically associated with them, have a different clinical
profile and hence require a different therapeutic ap-
proach [15]. The standard blood count tests and eryth-
rocyte indices are insufficient for the diagnosis of ID.

PREVIOUS DIAGNOSTIC CRITERIA
FOR ID IN HEART FAILURE

Most definitions of ID in HF utilise ferritin and trans-
ferrin saturation (TSAT). According to the European
Society of Cardiology ID is defined as serum ferritin <
100 ng/mL, or between 100-299 ng/mL, but with TSAT
< 20%. It is evident that such a definition offers inaccu-
rate and misleading information, due to the use of fer-
ritin, which is most often within the reference range or
could have deviations even in healthy individuals. Sec-
ondly, an important fact is not taken into consideration,
namely, ferritin is an indicator of iron availability, but
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also an acute phase protein, i.e. it can undergo signifi-
cant quantitative fluctuations, unrelated to iron metab-
olism. Unlike ferritin, TSAT changes to a lesser degree
in response to inflammation and correlates well with Fe
availability [15]. This fact has long been discussed in
specialized literature and has been the subject of reas-
sessment in recent years [18].

Novel indicators of iron metabolism and defi-
ciency. Serum soluble ferritin receptor (sTfR) and
sTfR—ferritin index [19-21]. sTfR is part of the erythroid
membrane protease, a marker of erythropoietic activity
and of the size of erythroid precursors. Its concentra-
tion depends on age, altitude, ethnicity, erythropoietin
administration, but is not directly affected by inflammato-
ry processes. Sierpinski R et al. found that sTfR = 1.25
mg/L occurs in 47% of patients with HF, in 56% and
46% of anemic and non-anemic patients, respectively
(p < 0.05). sTfR is an indicator of ID with a sensitivity
of 84% and specificity of 100%. The authors found that
serum sTfR = 1.41 mg/L was a significantly more accu-
rate prognostic indicator of 3-year mortality compared
to plasma N-terminal pro-B-type natriuretic peptide and
other variables. In a multivariate prognostic model of
3-year all-cause mortality, the addition of sTfR abolished
the prognostic value of serum ferritin and TSAT [20].
sTfR levels are increased in the presence of iron defi-
ciency, decreased in patients with iron overload, and are
normal or low in inflammation [39]. The ratio of sTfR (in
mg/L) and log ferritin (in ug/L) or the so-called sTfR—fer-
ritin index distinguishes FID in inflammatory conditions
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and anemia in chronic disease [21]. In AID, the sTfR—
ferritin index is > 1.5 (Dade-Behring) or > 3.2 (Roche),
in FID (CRP > 5 mg/L) and ACD (reduced Hb and CRP
> 5 mg/L) > 0.8 (Dade-Behring) or > 2.0 (Roche) [15].
Leszek et al. reported that serum sTfR significantly cor-
related with myocardial and mitochondrial Fe status, un-
like ferritin, serum Fe and TSAT [22].

Hepcidin is not only a major regulator of systemic
iron metabolism, but also correlates with ID, although
not strictly related. Elevated levels of IL-6, IL-1, and
TNF-a (characteristic of comorbidities in HF) are asso-
ciated with low serum Fe and high hepcidin [18]. The
above relationship is more characteristic of FID than of
AID [6]. Elevated circulating hepcidin levels are charac-
teristic of early stages of HF and are not accompanied
by anaemia or inflammation. In patients with stable HF,
an inverse relationship between hepcidin levels and HF
severity has been established, with hepcidin levels in
patients with NYHA class IV being significantly lower
even compared to healthy controls. HF progression is
associated with a decrease in circulating hepcidin and
the development of ID [6].

The sTfR:hepcidin ratio has been proposed as
an informative indicator of ID. According to Jankows-
ka E.A et al., patients with low hepcidin and high sTfR
had peripheral oedema, high NT-proBNP, uric acid, low
haemoglobin (p < 0.05), and 5% higher in-hospital and
12-month mortality [6].

CRP is not used for the diagnosis of ID but indi-
cates the severity of inflammation and the cause of fer-
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ritin increase the latter being an acute phase protein.
A significant negative correlation was found between
CRP and ferritin and CRP and the percentage of Fe
deficiency [23].

T2* MRI is of great benefit for non-invasive as-
sessment of myocardial Fe in the management of iron
overload in transfusion-dependent homozygous B-thal-
assemia. In patients with HF, this modality yields a rela-
tively accurate assessment of myocardial Fe levels [11].

In a systematic review, Dhaliwal S and Kalogero-
poulos AP identified several biomarkers for iron metab-
olism that showed significant correlation with HF: serum
ferritin < 15-20 pg/L indicated AID, TSAT was a good
predictor of overall mortality, as well as the long-term risk
of hospitalizations for HF; increased sTfR levels were
associated with worse exercise tolerance and QoL; low
serum Fe was associated with an increased risk of car-
diovascular events; hepcidin was of prognostic value for
overall mortality in HF.39 On the other hand, ID in HF
correlated with a significant number of biochemical pa-
rameters and clinical symptoms. For example, a study
by Van der Wal H.H et al., conducted in 2357 HF pa-
tients analyses 92 cardiovascular parameters and their
correlation with HF and their significance for survival and
first rehospitalization. ID was found in 61.6% of patients
and correlated with lower protein intake, tachycardia, pe-
ripheral oedema, orthopnoea, hypoalbuminemia, CKD,
low haemoglobin, high CRP levels, and use of P2Y12
inhibitors (p < 0.05). None of these indicators were gen-
der-specific, although ID was more common in women
[24]. According to the German prospective observation-
al PReP registry (Pravalenz des Eisenmangels bei Pa-
tienten mit Herzinsuffizienz) in 1198 patients, ID was an
independent indicator of reduced exercise tolerance in
HF, adjusted for age, sex, anaemia, serum creatinine,
C-reactive protein, LVEF, and NP level [3].

REDEFINING IRON DEFICIENCY?

The literature on the importance of ferritin and
TSAT in the assessment of ID in patients with HF, ac-
cording to cardiology guidelines, is too contradictory to
interpret. In fact, the indicators of ID used are inclusion
criteria, empirically derived from the numerous studies
of ID and its impact on HF. In practice, the adopted
definition includes conditions with both AID and FID. It
is unacceptable and misleading for patients with ferritin
< 100 ng/mL (normal level, also found in healthy peo-
ple) to be automatically diagnosed with ID. Conversely,
the common clinical scenario of FID with high serum
ferritin levels (= 300 ug/L), low serum Fe concentra-
tions (= 13 uymol/L) and low TSAT (< 20%) is not ad-
dressed by the HF guidelines [18].

The reference ranges provided in the guidelines
are clearly not accurate. At ferritin < 100 ng/mL, nei-

ther ID nor sufficient iron availability at values > 400
ng/mL (hyperferritinemic syndromes) can be excluded,
nor can AID be distinguished from FID. The general-
ly accepted definition has a sensitivity of 82.4% and a
specificity of 72% for detecting ID in patients with HF
compared to the gold standard [25] Definitions based
solely on TSAT < 19.8% or serum iron < 13 ymoliL,
however, have a sensitivity of 94% and a specificity of
88%, (p < 0.05) [21, 25]. On the other hand, if data from
clinical trials are analysed, it is evident that ferritin has
no prognostic significance and does not correlate with
a number of indicators of HF and cardiac mortality. In
a study conducted among 4422 outpatients with HF,
Masini G et al found that only TSAT < 20% and serum
iron < 13 umol/L were associated with higher 5-year
mortality (HR: 1.27; 95% CI: 1.14-1.43; P < 0.001; and
HR: 1.37; 95% CI: 1.22-1.54; P < 0.001). Serum ferritin
<100 ng/mL showed a trend for lower mortality without
statistical significance (HR: 0.91; 95% CI: 0.81-1.01; P
=0.09) [18]. According to Rita Del Pinto et al, low TSAT
(<20%) and iron levels (< 72.6 pg/dL), but not ferritin (<
100 ng/mL), reflect bone marrow Fe depletion and are
associated with increased overall mortality in HF [21].
Similar results were obtained by Palau P et al in a ret-
rospective study of 1701 patients with decompensated
HF: lower TSAT (< 20%) but not ferritin was associated
with the risk of 30-day readmission or death [26]. R. I.
S. Alnuwaysir et al. found that serum Fe (< 13 pmol/L)
and TSAT (= 19.8%) were significantly better at predict-
ing ID than the FAIR-HF definition, with areas under
the curves (AUC) of 0.922 and 0.932, respectively [12].
The addition of ferritin to either definition did not lead to
a significant increase in AUC, i.e. ferritin does not con-
tribute to a more accurate identification of patients with
ID and HF and has no prognostic significance. Cleland
et al. demonstrated that high ferritin levels are associ-
ated with a higher risk of all-cause and cardiovascu-
lar mortality [27]. Such results could be explained by
the multifactorial pathogenesis of ID in the context of
various comorbidities, most of which are characterised
by inflammation, resulting in higher ferritin, increased
hepcidin levels and decreased Fe absorption. Even rel-
atively common conditions such as obesity, hyper- and
dyslipidemia are pro-inflammatory. For example, in FID
dynamic changes in ferritin levels could be observed
without reciprocal alterations in iron metabolism. On
the other hand, ferritin fluctuations in FID are propor-
tional to pro-inflammatory cytokine levels and to the
severity of HF. Along with other acute phase proteins
such as C-reactive protein (CRP) and alpha-1-acid
glycoprotein (AGP), ferritin increases rapidly with in-
creased expression of pro-inflammatory cytokines (IL-
6) [28]. The predictive value of ferritin in terms of thera-
peutic response in clinical trials is also debatable. With
an inclusion criterion of ferritin < 100 (20-99) ug/L in
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the HEART-FID and IRONMAN studies, not all patients
showed a reliable reduction in adverse HF outcomes
with intravenous Fe administration [29, 30]. Literature
suggests that TSAT is a more informative indicator of
total Fe depletion and demonstrates smaller variations
in response to inflammatory processes and hepcidin.
TSAT correlates with increased overall mortality and
rehospitalization rate in patients with HF, regardless of
ejection fraction [14]. According to Beverborg NG et al.
TSAT is a predictor of the therapeutic response to IV
iron carboxymaltase as well [25]. Analyses show that
in patients included in clinical trials based on traditional
recommendations, the risk of cardiovascular mortality
and hospitalization is reduced by an average of 13%.
(0.75-1.01) [31]. A meta-analysis of 4 double-blind, ran-
domized trials in 839 patients, as well as the IRON-
CRT trial, found that intravenous ferric carboxymaltase
significantly reduced rehospitalizations, cardiovascular
mortality, and improved left ventricular ejection fraction
in patients with TSAT < 20.1% compared with patients
with TSAT > 20.1% [32]. Another meta-analysis of 10
trials in patients with inclusion criteria of TSAT < 20%
and ferritin < 400 ug/L reported a 33% reduction in the
risk of cardiovascular death [33]. The IRONMAN trial,
demonstrated that patients with TSAT < 20% had a
20% risk reduction with intravenous Fe — hazard ratio
0.80 (0.63-1.02), compared with a 4% risk reduction in
subjects with ferritin < 100 ug/L-TSAT > 20% — risk ratio
0.96 (0.69-1.34). Analytical variability (technical?) and
different reference ranges (54% difference in a com-
parative study by B. A. Ford et al.) for ferritin should
also be considered [34].

Unlike systemic Fe metabolism, the assessment
of myocardial iron metabolism is neither easy nor the-
oretically clear. Literature indicates that about 50% of
patients with HF and reduced ejection fraction have
ID by generally accepted criteria, but low myocardial
Fe is detected by MRI in only 20-25% [35]. On the
other hand, serum Fe and serum ferritin levels do not
clearly distinguish patients with and without myocar-
dial iron deficiency. The dynamics of myocardial and
bone marrow Fe do not show a strict correlation — Fe
stores assessed by endomyocardial biopsy do not
correlate with blood biomarkers, and total myocardial
Fe does not accurately reflect cytosolic Fe?* [36]. This
justifies the recommendation for a redefinition of ID
in HF using more precise criteria based on TSAT and
serum Fe [37-40]. According to Packer M et al. ID can
be defined by TSAT < 20% and serum ferritin < 400
pa/L; serum ferritin < 100 pg/L should be discarded as
a stand-alone diagnostic criterion [40]. Such a redef-
inition identifies patients at high risk of ID who would
benefit from intravenous treatment.

ID TREATMENT IN HF

The treatment of HF with reduced ejection fraction
aims to prevent rehospitalization and improve exer-
cise tolerance, clinical status and QoL and to reduce
mortality. None of these goals are achievable without
correction of ID, regardless of erythropoiesis [41]. The
2021 ESC HF Guideline recommendations for iron re-
placement therapy include [42]:

» Symptomatic patients who have a left ventricular
ejection fraction (LVEF) < 45% to relieve symptoms,
improve exercise tolerance and QoL (Class lla recom-
mendation, Level of Evidence A).

* Pre- and post-discharge follow-up of patients hos-
pitalized for acute HF to improve symptoms and reduce
rehospitalization (Class lla recommendation, Level of
Evidence B).

» Symptomatic patients recently admitted for HF
with an LVEF < 50% to reduce the risk of hospitaliza-
tion for HF (Class lla recommendation, Level of Evi-
dence B).

The main therapeutic problem is overcoming/
bypassing hepcidin blockage, redistribution, seques-
tration and impaired iron transport in HF and/or sec-
ondary anaemia in patients with HF and multiple co-
morbidities. Ferric carboxymaltose is the most widely
studied IV Fe and the only Fe compound specifically
recommended for the treatment of HF in the 2021
ESC guidelines [42]. Reticulocytes increase after only
24-48 hours, and Hb levels no earlier than 1-2 weeks.
A rapid increase in ferritin > 400 pg/L may signal a
short-term overload of cytosolic Fe, which provokes
lipid peroxidation (malonaldehyde 1) and cardiomyo-
cyte injury (troponin 1) [13]. In the IRONMAN [29]
study, ferritin levels increased 10-fold within 4 weeks
and remained > 500 ug/L for the next 4 months. In
the AFFIRM-AHF [43] and HEART-FID [30] studies,
serum ferritin levels increased to = 350 pg/L within
6 weeks, with similar values maintained for up to 6
months. The therapeutic protocol recommends no
more than 1000-2000 mg of iron carboxymaltose
during the first 6 weeks, regular assessment of iron
levels, and 500 mg every 3-4 months as needed. The
results of treatment, according to meta-analyses of 10
RCTs, are unidirectional: reduction of hospitalizations
for decompensated HF, improvement of NYHA class
and QolL, 6-minute walk test, left ventricular ejection
fraction, NT-proBNP and CRP, reduction of the risk
of death by any cause. However, no significant dif-
ference in survival between treated and untreated
patients has been demonstrated [21]. The benefit of
long-term treatment with IV Fe remains unclear, given
the difficult-to-correct etiology of iron deficiency in HF.
It seems logical to maintain iron stores, respectively
the ferritin level, within the range of about 400 pg/L.
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Indefinite IV Fe therapy every 4-6 months was tested
in the IRONMAN, HEART-FID and AFFIRM-AHF trials
with cut-off values of ferritin > 400 ug/L or TSAT = 25%
and > 300 ug/L or TSAT = 20%, respectively [29, 30,
43]. It is reasonable to recommend that such therapy
be considered only if ferritin and TSAT levels remain
low. With regard to oral therapy, the IRONOUT HF tri-
al [44] did not report any clinical benefit due to slow
pharmacokinetics and the potential for Fe sequestra-
tion in macrophages and hepatocytes. Oral prepara-
tions are currently not recommended for the correc-
tion of iron deficiency in HF, although iron deficiency
can be corrected orally with bivalent iron drugs. No
effect has been demonstrated after the administration
of erythropoietin (the risk of thromboembolic events is
increased).

NOVEL THERAPEUTIC OPTIONS

The main goal of increasing iron absorption and
mobilization of sequestered Fe can be achieved
through the reduction of hepcidin synthesis and/or
function and manipulation of the hepcidin-ferripor-
tin link. Direct agents against hepcidin (LY2787106,
Lexaptepid pegol or anticalins), blocking IL-6 with the
anti-IL-6 ligand antibody ziltivekimab, suppression of
bone morphogenic protein with LY3113593, as well as
the use of direct ferroportin antibodies have been test-
ed in phase 1 and 2 clinical trials [45]. Inhibition of the
prolyl hydroxylase/hypoxia-inducible factor (PHD/HIF)
domain is another therapeutic strategy being investi-
gated. Phase 3 clinical trials are testing the HIF stabi-
lizers Vadadustat, Daprodustat, and Roxadustat, and

Table 2

initial analyses indicate that PHD inhibitors increase
haemoglobin levels, serum transferrin, increase in-
testinal Fe absorption, and reduce hepcidin levels in
anaemic patients with CKD, regardless of inflamma-
tion [46, 47].

CONCLUSION

Absolute and functional iron deficiency (ID), along
with the classical iron deficiency anemia and anemia of
chronic disease, exhibit distinct clinical features and bio-
chemical markers for diagnosis. Traditional cardiology
guidelines have relied on serum ferritin levels for diag-
nosing ID; however, these levels can be controversial
and often misleading, as they typically fall within the ref-
erence range and are based on criteria developed from
clinical trials focused on treating ID in heart failure (HF).
Recent literature suggests new diagnostic criteria for ID,
primarily focusing on transferrin saturation (TSAT) levels
below 20%. This approach demonstrates high specificity
and sensitivity, allowing for more accurate identification
of patients who could benefit from treatment. Moreover,
it holds significant prognostic and predictive value, cor-
relating with survival rates, cardiovascular events, and
the likelihood and effectiveness of therapeutic respons-
es. Nevertheless, ferritin testing remains important; it not
only helps define absolute iron deficiency when levels
are below 15-20 pg/L but also serves as an indicator of
iron overload. Additionally, as an acute phase protein,
ferritin correlates with inflammatory markers, providing
valuable insights for differential diagnosis.

No confiict of interest was declared

Clinical Trial

Objective

Findings

Key outcomes

Notes

IRONMAN [29]

Evaluate the efficacy

of intravenous ferric
carboxymaltose in heart
failure patients with iron
deficiency.

Significant reduction
in hospitalizations for
decompensated heart
failure.

Improved NYHA class,
Qol, reduced NT-proBNP
and CRP levels.

Ferritin levels
increased 10-fold
within 4 weeks.

AFFIRM-AHF [43]

Assess the effects of
intravenous iron on patients
with acute heart failure and
iron deficiency.

Ferric carboxymaltose
improved symptoms
and reduced hospital
readmissions.

Serum ferritin levels
increased to ~350 pg/L
within 6 weeks.

Similar results with
HEART-FID.

HEART-FID [30]

Investigate the impact of
iron replacement therapy on
clinical outcomes in heart
failure patients.

Patients experienced
improved exercise
capacity and reduced
symptoms of heart failure.

Reduction in
hospitalizations and
improved quality of life.

Ferritin levels
maintained around
350 pg/L for up to 6
months.

IRONOUT HF [44]

Evaluate the effectiveness
of oral iron repletion in heart
failure patients with reduced
ejection fraction.

No significant clinical
benefit observed from oral
iron supplementation.

Slow pharmacokinetics;
potential for iron
sequestration.

Oral iron is not
recommended
for heart failure
management.

Phase 3 Trials
(Vadadustat,
Daprodustat,
Roxadustat) [45-47]

Test prolyl hydroxylase
inhibitors for anemia in CKD
patients.

Increased hemoglobin
levels, enhanced intestinal
iron absorption, reduced
hepcidin levels.

Potential to improve iron
metabolism and anemia
management.

Investigational drugs
showing promise for
future therapies.
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