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Anémia je castou komplikaciou srdcového zlyhavania (SZ) a jej pritomnost je spojend s nepriaznivou pro-
gnozou nezavisle od ostatnych rizikovych faktorov. Postihuje az polovicu pacientov a casto ju sprevadzaju
zmeny erytrocytovych indexov, ktoré odrazaju systémovu dysreguldciu. Patofyzioldgia anémie pri SZ je mul-
tifaktorialna a zahfiia hemodiluciu v dosledku kongescie, poruchu produkcie erytropoetinu (EPO) a znizenu
odpoved kostnej drene v doésledku renélnej hypoperfuzie, zapalu a uremického prostredia, funkény deficit
Zeleza sprostredkovany hepcidinom, nutri¢né faktory a vplyv farmakoterapie, skratené prezivanie erytrocy-
tov, ako aj oxidacny stres a mitochondrialnu dysfunkciu.
Tieto vzdjomne sa ovplyviiujuce mechanizmy sa odrazaju v bezne dostupnych laboratérnych parametroch
vratane hemoglobinu, erytrocytovych indexov, distribucnej Sirky erytrocytov (RDW), feritinu a saturacie
transferinu, ktoré poskytuju informacie o erytropoetickej aktivite, dostupnosti Zeleza a obrate erytrocytov.
Najma RDW integruje poruchy erytropoézy a znizené prezivanie erytrocytov a konzistentne suvisi s nepriaz-
nivou prognoézou vo vsetkych fenotypoch srdcového zlyhavania.
Anémia pri srdcovom zlyhdvani preto predstavuje dynamicky prejav multisystémovej dysregulacie, a nie
izolovanu hematologickt poruchu. Hodnoty hemoglobinu je preto potrebné interpretovat v kontexte ob-
jemového stavu organizmu a metabolizmu Zeleza, nie iba so zameranim na ich izolovanu korekciu. Buduci
vyskum by sa mal zamerat na fenotypizaciu zaloZzenu na biomarkeroch s ciefom lepsie identifikovat domi-
nantné patofyziologické mechanizmy anémie pri srdcovom zlyhavani.
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ABSTRACT

Anemia is a common complication of heart failure (HF) and provides independent prognostic information. It
affects up to half of patients and is frequently accompanied by alterations in erythrocyte indices that reflect
underlying systemic dysregulation. The pathophysiology of anemia in HF is multifactorial and involves con-
gestion-related hemodilution; impaired erythropoietin (EPO) production and marrow responsiveness due to
renal hypoperfusion, inflammation, and uremic milieu; hepcidin-mediated functional iron deficiency; nutri-
tional and medication-related influences; reduced red blood cell lifespan; and oxidative and mitochondrial
dysfunction.

These interacting mechanisms are captured by routinely available laboratory parameters, including he-
moglobin, mean corpuscular indices, red cell distribution width (RDW), ferritin, and transferrin saturation,
which provide insight into erythropoietic activity, iron availability, and red blood cell turnover. RDW, in
particular, integrates disturbed erythropoiesis and impaired erythrocyte survival and consistently associates
with adverse outcomes across HF phenotypes.

Overall, anemia in HF represents a dynamic manifestation of multisystem dysregulation rather than an isola-
ted hematologic disorder. Interpretation of hemoglobin values therefore requires integration with volume
status and iron metabolism rather than isolated correction. Future research should prioritize biomarker-
-guided phenotyping to better delineate dominant pathophysiological drivers of anemia in heart failure.
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Introduction

Heart failure (HF) is a complex clinical syndrome affecti-
ng more than 64.3 million people worldwide." Despite
advances in pharmacotherapy and device therapy, heart
failure remains associated with substantial morbidity and
high mortality, underscoring the seriousness of the condi-
tion.2 Among the systemic manifestations of HF, anemia
and related hematological abnormalities occupy a central
role. The reported prevalence of anemia in chronic heart
failure varies considerably across studies, ranging from
approximately 15-20% in unselected cohorts to nearly
50% in more advanced or comorbid populations, whereas
iron deficiency is generally more prevalent across NYHA
classes and heart failure stages, affecting approximately
30-50% of patients.> Both anemia and iron deficiency
are associated with reduced functional capacity, higher
rates of hospitalization, and worse clinical outcomes in
patients with heart failure.**

In patients with heart failure, hemoglobin and markers
of iron status such as ferritin and transferrin saturation
are routinely assessed as part of guideline-recommended
evaluation, reflecting their clinical relevance in diagno-
sis and management.” Their alteration in HF is not simply
a bystander phenomenon but reflects systemic processes
that contribute to disease progression.® Recent thera-
peutic advances have further emphasized the clinical
relevance of hematological mechanisms in heart failure,
including the potential benefits of intravenous iron ther-
apy, thereby highlighting the need to better understand
the pathophysiological basis of anemia in this population.
Anemia in heart failure arises from a complex interplay of
impaired erythropoiesis, altered iron metabolism, chronic
inflammation, renal dysfunction, hemodilution, and re-
duced red blood cell survival.®'"" This review focuses on
the pathophysiology of anemia in heart failure, with par-
ticular emphasis on mechanisms of altered erythropoiesis,
red blood cell survival, and plasma volume expansion-re-
lated hemodilution, and their implications for clinical as-
sessment.

Pathophysiology of anemia in HF

Hemodilution and plasma expansion

Hemodilution represents an important contributor to
anemia in heart failure, reflecting volume overload re-
lated to neurohumoral and renal maladaptation rather
than a true reduction in red blood cell mass.'?In HF, re-
duced cardiac output and arterial underfilling are sen-
sed as a state of effective hypovolemia, despite total
body fluid excess. This mismatch leads to reduced renal
perfusion pressure and activation of key compensa-
tory pathways, including the renin-angiotensin-aldo-
sterone system (RAAS), sympathetic nervous system,
and non-osmotic release of arginine vasopressin. The
downstream effects include enhanced tubular sodium
reabsorption, free water retention, and progressive in-
travascular and interstitial volume expansion.’ Collecti-
vely, these neurohumoral and renal responses promote
sustained plasma volume expansion, thereby predispo-
sing patients with heart failure to dilutional reductions

in hemoglobin concentration despite preserved red
blood cell mass.

Consequently, this pathophysiological milieu results
in a characteristic hemodynamic profile of chronic heart
failure, in which venous congestion and altered capillary
Starling forces promote interstitial fluid accumulation.
At the same time, the expanded interstitial compart-
ment serves as a dynamic reservoir for intravascular re-
filling, allowing plasma volume to increase despite the
absence of a parallel rise in red blood cell mass. Because
these processes evolve gradually and involve ongoing re-
distribution of fluid between compartments, substantial
hypervolemia may remain clinically occult and under-rec-
ognized in routine practice. Overall, these hemodynamic
disturbances promote sustained plasma volume expan-
sion, resulting in dilution-related reductions in circulating
hemoglobin concentration.™

Consistent with this hemodynamic profile, studies em-
ploying quantitative blood volume analysis in patients
with symptomatic advanced heart failure have demon-
strated that plasma volume in hemodiluted individuals
may increase to approximately 150% of predicted normal
values, while red cell mass remains within normal limits,
with nearly half of anemic patients exhibiting dilutional
rather than true anemia.”? Beyond this chronic pheno-
type, similar volume-related mechanisms operate dy-
namically during acute decompensation. In the setting of
acute decompensated heart failure, transient hemodilu-
tion may occur early during hospitalization, likely reflect-
ing dynamic intravascular volume refilling and fluid redis-
tribution before effective net decongestion is achieved,
with hemoglobin concentrations declining by up to ap-
proximately 1 g/dL during the first days of admission.>16
Taken together, these findings indicate that both chronic
and acute reductions in hemoglobin in heart failure fre-
quently reflect underlying volume dysregulation, under-
scoring the need to interpret hemoglobin values in close
relation to volume status and its temporal evolution.'>'>16

Extending these mechanistic insights into the clinical
domain, large cohort studies have further demonstrated
that hemoglobin trajectories during hospitalization carry
important prognostic information. Patients who fail to
hemoconcentrate or experience a decline in hemoglobin
despite therapy exhibit higher mortality and persistent
congestion, consistent with unresolved volume overload
rather than primary hematologic deterioration.” Col-
lectively, these findings emphasize that anemia in heart
failure is not a uniform entity but a heterogeneous mani-
festation of volume, renal, and neurohumoral dysregula-
tion, necessitating an integrated assessment of hemato-
logic indices alongside markers of fluid status to guide
optimal management.'>'4-16

Iron deficiency: absolute and functional

Iron deficiency (ID) is highly prevalent in patients with
heart failure and contributes substantially to the overall
clinical burden of the disease."”” Beyond its role in ery-
thropoiesis, iron is essential for multiple cellular proce-
sses, including mitochondrial oxidative phosphorylation,
skeletal and cardiac muscle function, and efficient oxy-
gen utilization.'® Consequently, iron deficiency—even in
the absence of anemia—impairs mitochondrial energy
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production and skeletal muscle oxidative capacity, con-
tributing to fatigue and reduced exercise tolerance."
Restoration of iron availability has been shown to impro-
ve fatigue and physical performance in iron-deficient,
non-anemic individuals, underscoring the pathophysio-
logical relevance of iron deficiency beyond hemoglobin
synthesis.®

In heart failure, two major forms of iron deficiency are
recognized: absolute and functional iron deficiency. Ab-
solute iron deficiency reflects true depletion of total body
iron stores and may arise from insufficient dietary intake,
chronic gastrointestinal blood loss, or impaired intestinal
iron absorption. In contrast, functional iron deficiency is
characterized by preserved or increased iron stores with
impaired iron availability for erythropoiesis and cellular
metabolism."’

In patients with heart failure, absolute iron deficiency
may be further exacerbated by impaired gastrointestinal
perfusion and venous congestion, which contribute to
mucosal dysfunction and reduced duodenal iron trans-
port, thereby blunting the normal adaptive increase in
iron absorption during iron depletion.” In addition, long-
term use of antithrombotic therapies increases the risk of
occult gastrointestinal bleeding, which may contribute to
progressive iron loss and depletion of iron stores."

Functional iron deficiency in heart failure predomi-
nantly arises from inflammation- and hepcidin-mediated
impairment of iron mobilization, resulting in restricted
iron availability for erythropoiesis and cellular metabo-
lism despite preserved or increased iron stores."””?° This
process is mediated by pro-inflammatory cytokines, par-
ticularly interleukin-6, which drive hepatic hepcidin syn-
thesis and thereby reinforce iron sequestration in the
setting of heart failure-associated low-grade systemic in-
flammation. Hepcidin acts as the central regulator of sys-
temic iron homeostasis by binding to ferroportin, the only
known cellular iron exporter, inducing its internalization
and degradation. As a result, intestinal iron absorption
is suppressed and iron sequestration within macrophages
and hepatocytes is enhanced, leading to iron-restricted
erythropoiesis despite preserved or elevated ferritin con-
centrations.”? Accordingly, this hepcidin-mediated se-
questration of iron within storage sites restricts its release
into the circulation, resulting in preserved or elevated fer-
ritin concentrations despite reduced circulating iron and
highlighting the pathophysiological basis for prioritizing
transferrin saturation over ferritin alone in the diagnostic
assessment of iron status in heart failure.”'”? Important-
ly, this same hepcidin-driven blockade of intestinal iron
transport also explains the limited efficacy of oral iron
supplementation in heart failure, as absorbed iron can-
not be effectively transferred into the circulation.?!

At the myocardial level, iron deficiency exerts delete-
rious effects on the cardiovascular system that extend
beyond impaired oxygen transport. Iron is an essential
cofactor for mitochondrial enzymes involved in oxidative
phosphorylation, including cytochromes and iron-sulfur
cluster—containing proteins, which are fundamental for
cellular ATP production, particularly in energy-demand-
ing tissues such as the myocardium. Iron deficiency im-
pairs mitochondrial respiratory capacity, leading to re-
duced ATP generation and compromised cardiomyocyte

contractile performance.???* Experimental and transla-
tional studies have demonstrated associations between
myocardial iron depletion and altered calcium handling,
increased oxidative stress, and impaired excitation—con-
traction coupling, contributing to both systolic and dia-
stolic dysfunction.?>?> Together, these iron-dependent
disturbances link myocardial energetic failure to impaired
contractile and relaxation properties, providing a mecha-
nistic basis for the contribution of iron deficiency to car-
diac dysfunction in heart failure.

Beyond the myocardium, similar iron-dependent dis-
turbances of mitochondrial function extend to peripheral
tissues, particularly skeletal muscle, where they further
amplify the functional limitations of heart failure. At the
peripheral tissue level, beyond its hematological effects,
iron deficiency adversely affects oxygen utilization and
skeletal muscle function. Reduced iron availability im-
pairs mitochondrial biogenesis and oxidative capacity in
skeletal muscle, shifts energy metabolism toward less ef-
ficient anaerobic pathways, and increases lactate produc-
tion during exertion, thereby exacerbating fatigue and
exercise intolerance—hallmark features of heart failure.
These peripheral metabolic disturbances increase ventila-
tory and circulatory requirements during exertion, neces-
sitating higher cardiac output and heart rate to sustain
oxygen delivery. The resulting mismatch between meta-
bolic demand and limited cardiac reserve is likely to en-
hance sympathetic activation and neurohumoral drive,
thereby reinforcing maladaptive pathways that acceler-
ate disease progression in heart failure.?6?

Clinical evidence consistently demonstrates that iron
deficiency in heart failure is associated with impaired func-
tional capacity, reduced quality of life, and worse clinical
outcomes, independent of the presence of overt anemia.
This strong and consistent association has positioned iron
deficiency as a clinically relevant and potentially modi-
fiable therapeutic target in heart failure."” Randomized
controlled trials have shown that correction of iron de-
ficiency with intravenous iron therapy leads to clinically
meaningful improvements in functional status and pa-
tient-reported outcomes®'" (Table 1). In the FAIR-HF trial,
treatment with intravenous ferric carboxymaltose signifi-
cantly improved exercise capacity, NYHA functional class,
and quality of life, with comparable benefits observed
in both anemic and non-anemic patients, underscoring
the importance of iron-related mechanisms beyond he-
moglobin synthesis.® These favorable effects were subse-
quently confirmed in pooled individual patient data anal-
yses of randomized trials, which demonstrated sustained
improvements in functional capacity and health status,
as well as a reduction in heart failure-related hospitaliza-
tions.?® Importantly, the AFFIRM-AHF trial extended these
findings to patients hospitalized with acute decompen-
sated heart failure, showing that intravenous iron reple-
tion initiated during hospitalization was associated with
a significantly reduced risk of subsequent heart failure
rehospitalization.’ Collectively, these data indicate that
iron deficiency is not merely a marker of disease severity
but an active contributor to the symptomatic burden and
clinical course of heart failure, and that its targeted cor-
rection represents an effective disease-modifying strat-
egy in appropriately selected patients.
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Table 1 - Key randomized trials of intravenous ferric carboxymaltose in heart failure

Trial (year) Population & ID criteria Intervention

FAIR-HF Symptomatic HFrEF; ID: Ferric

(2009) ferritin <100 pg/L or carboxymaltose
100-299 pg/L with TSAT (FCM) vs placebo
<20%

CONFIRM-HF Ambulatory HFrEF with ID  FCM vs placebo

(2015) (as above) (longer follow-up)

AFFIRM-AHF Recently hospitalized acute  FCM vs placebo

(2020) HF with LVEF <50% and ID  post-stabilization

Primary outcome Main findings (directional) Notes /
refs
Patient Global Assess- T Symptoms/QoL; T 6MWT; [9]

ment & NYHA class benefits irrespective of

baseline Hb

Sustained T 6MWT; improved  [11]
symptoms/QoL; fewer HF
hospitalizations (secondary)

4 HF rehospitalizations; [10]
neutral on CV death; overall
composite favored FCM

6-minute walk di-
stance

HF rehospitalization &
CV death (composite)

CV - cardiovascular; EF - ejection fraction; FCM - ferric carboxymaltose; Hb — hemoglobin; HF — heart failure; HFrEF — HF with reduced EF;
ID - iron deficiency; LVEF - left ventricular ejection fraction; NYHA — New York Heart Association; QoL - quality of life; 6MWT — 6-minute

walk test.

Taken together, these observations demonstrate that
iron deficiency in heart failure is not merely a comorbid-
ity but a key pathophysiological contributor to disease
progression. Its systemic effects extend beyond hemato-
poiesis to myocardial and skeletal muscle energetics, un-
derscoring the importance of routine assessment and tar-
geted correction of iron deficiency in contemporary heart
failure management.

Erythropoietin dysregulation

and marrow responsiveness

Erythropoietin (EPO) is the principal hormonal regulator
of erythropoiesis, stimulating the survival, proliferation,
and differentiation of erythroid progenitor cells. It is syn-
thesized predominantly by renal peritubular oxygen-sen-
sing fibroblasts and is transcriptionally regulated by hy-
poxia-inducible factor (HIF)-2a in an oxygen-dependent
manner. Under normoxia, HIF-2a undergoes rapid hyd-
roxylation and proteasomal degradation, whereas hypo-
xia promotes its stabilization and nuclear translocation,
leading to transcriptional activation of the EPO gene and
increased plasma EPO concentrations. This mechanism
constitutes the physiological link between renal oxygen
sensing and red blood cell production.?

In heart failure (HF), this adaptive response is pro-
foundly disturbed.?® Reduced cardiac output and systemic
hypoperfusion impair renal oxygen delivery, while ve-
nous congestion increases interstitial pressure and com-
promises effective capillary perfusion.?® Under physiologi-
cal conditions, such renal hypoxia would be expected to
activate HIF-2a signaling and increase EPO synthesis.”’
However, in HF, these compensatory mechanisms fail be-
cause chronic renal hypoperfusion and venous congestion
activate profibrotic and inflammatory signaling path-
ways—particularly transforming growth factor-f—driv-
ing transdifferentiation of EPO-producing peritubular
fibroblasts into non-EPO-producing myofibroblasts and
accelerating tubulointerstitial fibrosis, thereby limiting
the kidney’s capacity to upregulate EPO synthesis.?3' The
frequent coexistence of chronic kidney disease (CKD) in
HF patients further aggravates this defect by reducing
functional nephron mass and tubular integrity, thereby
limiting renal EPO-producing capacity and impairing the

adaptive erythropoietic response to hypoxia.?? In addi-
tion, uremic toxins that accumulate in CKD, such as indox-
yl sulfate, directly suppress EPO production and disrupt
renal oxygen-sensing pathways.® Together, these renal
and uremic factors contribute to a relatively insufficient
and maladaptive EPO response in HF, despite persistent
hypoxic stimuli.

Based on the renal structural and functional abnor-
malities described above, reduced renal EPO-producing
capacity would be expected.?? However, circulating EPO
concentrations in HF are often normal or only modestly
increased.? This apparent dissociation reflects strong
compensatory stimulation of the remaining EPO-produc-
ing cells by systemic hypoxia and sustained neurohor-
monal activation. As a result, circulating EPO levels may
be maintained or modestly increased despite reduced
renal EPO-producing capacity. However, this response re-
mains quantitatively insufficient relative to the severity
of anemia and tissue hypoxia, consistent with a state of
relative EPO insufficiency.?®

More importantly, the bone marrow response to EPO is
markedly blunted.?> Proinflammatory cytokines systemi-
cally elevated in heart failure, including tumor necrosis
factor-o and interleukin-1B, functionally impair JAK2/
STAT5-dependent EPO signaling, thereby suppressing
EPO-driven proliferation and differentiation of erythroid
progenitors.>>¥% Concurrently, functional iron deficiency
driven by hepcidin overexpression limits iron availabil-
ity for hemoglobin synthesis by sequestering iron within
macrophages and hepatocytes.®® As a result, erythroid
progenitors fail to respond adequately to EPO due to
inflammatory cytokine-mediated signaling impairment
and limited substrate availability, leading to ineffective
erythropoiesis despite elevated EPO levels.?%35

Early small and largely uncontrolled studies suggested
that treatment with erythropoiesis-stimulating agents
(ESAs), particularly when combined with intravenous
iron, could increase hemoglobin levels and be associat-
ed with improvements in functional capacity, New York
Heart Association (NYHA) class, and a possible reduction
in heart failure-related hospitalizations.?”

However, these findings were not confirmed in larg-
er, adequately powered randomized controlled trials.
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In the RED-HF trial, which enrolled 2,278 patients with
heart failure with reduced ejection fraction (HFrEF) and
anemia, treatment with darbepoetin alfa led to only
a modest increase in hemoglobin levels compared with
placebo, without any reduction in all-cause mortality or
heart failure hospitalizations. Moreover, ESA therapy was
associated with a significantly higher incidence of throm-
boembolic events, raising important safety concerns and
arguing against the routine use of ESAs in patients with
heart failure and anemia.®

These findings underscore a fundamental pathophysi-
ological distinction between heart failure-related anemia
and anemia of chronic kidney disease.* In chronic kid-
ney disease, anemia is predominantly driven by absolute
erythropoietin deficiency, and treatment with erythro-
poiesis-stimulating agents—particularly when combined
with adequate iron supplementation—is generally effec-
tive in correcting hemoglobin levels.*

In contrast, anemia in heart failure is characterized by
preserved or elevated circulating EPO concentrations ac-
companied by reduced bone marrow responsiveness to
EPO, consistent with a state of relative erythropoietin
resistance.*’ As a result, pharmacological stimulation of
erythropoiesis by erythropoiesis-stimulating agents has
failed to translate into meaningful clinical benefit in
heart failure, consistent with the concept of relative EPO
resistance observed in large randomized interventional
trials.*

Together, these observations indicate that anemia in
heart failure is driven primarily by impaired erythropoi-
etic responsiveness rather than insufficient EPO availabil-
ity, highlighting the limitations of ESA-based strategies
and underscoring the need for alternative therapeutic
approaches.

Inflammation as an upstream driver

of anemia in heart failure

Heart failure is increasingly recognized as a chronic low-
-grade inflammatory condition, in which sustained activa-
tion of innate immune pathways—particularly monocyte/
macrophage activation, inflammasome signaling, and pa-
ttern-recognition receptor-mediated responses—contri-
butes to adverse cardiac remodeling and disease progre-
ssion. This inflammatory state arises from a convergence
of hemodynamic stress, repetitive ischemia-reperfusion
injury, neurohormonal activation, endothelial dysfunc-
tion, and tissue hypoxia, which collectively promote im-
mune cell activation and cytokine release.*
Pro-inflammatory cytokines characteristically elevated
in heart failure—particularly tumor necrosis factor-g,
interleukin-6, and interleukin-1—converge to suppre-
ss effective erythropoiesis through complementary and
reinforcing mechanisms. TNF-a and IL-1B directly impair
erythroid progenitor survival and proliferation by pro-
moting apoptosis and cell-cycle arrest, while also atte-
nuating erythropoietin-mediated signaling at the bone
marrow level. In parallel, IL-6-driven inflammatory sig-
naling restricts iron availability predominantly through
STAT3-mediated induction of hepcidin and contributes
to erythropoietin resistance by impairing erythroid pro-
genitor differentiation, as discussed above.* The com-
bined effects of reduced erythroid progenitor viability,

impaired differentiation, limited substrate availability,
and blunted responsiveness to hypoxic stimuli result in
ineffective erythropoiesis and the development of ane-
mia in heart failure.3>4

Clinically, inflammatory activation in heart failure
is reflected by modest elevations in C-reactive protein
(CRP), typically quantified using high-sensitivity assays
(hsCRP) which carry independent prognostic informa-
tion and are consistently associated with increased all-
cause and cardiovascular mortality. Accordingly, current
heart failure guidelines do not recommend routine CRP
measurement for diagnostic or therapeutic decision-
making, as hsCRP provides prognostic information with-
out directly guiding management strategies. Similarly,
targeted anti-inflammatory therapies have not dem-
onstrated consistent clinical benefit in heart failure
and are therefore not recommended in routine clinical
practice.® Clinical trials of cytokine-directed interven-
tions, most notably tumor necrosis factor-a inhibitors
such as etanercept and infliximab, failed to improve
clinical outcomes and, at higher doses, were associated
with worsening heart failure and increased mortality.*
Other anti-inflammatory strategies, including nonste-
roidal anti-inflammatory drugs and systemic glucocorti-
coids, have been associated with fluid retention and an
increased risk of heart failure decompensation, further
limiting their use in this population.*” Consequently, in-
flammation remains a mechanistic driver and prognostic
marker rather than a direct therapeutic target in con-
temporary heart failure management.*

Oxidative stress

Oxidative stress represents a central pathophysiological
mechanism in heart failure (HF) and reflects a chronic im-
balance between excessive generation of reactive oxygen
species (ROS) and insufficient endogenous antioxidant de-
fenses. Under physiological conditions, ROS are produced
at low, tightly regulated levels and function as essential
second messengers in intracellular signaling pathways.*
At these concentrations, ROS modulate processes such as
cellular proliferation, differentiation, adaptive stress re-
sponses, and hypoxia signaling through reversible redox
modification of key proteins involved in signal transduc-
tion and transcriptional regulation.”® These potentially
harmful species are tightly controlled by antioxidant sys-
tems, including superoxide dismutase, catalase, and glu-
tathione peroxidase, which coordinate the detoxification
of superoxide anions and hydrogen peroxide to preserve
cellular redox homeostasis. Maintenance of redox ho-
meostasis is essential for normal cellular function, as it en-
sures appropriate redox-dependent signaling, preserves
mitochondrial integrity, protects macromolecules from
oxidative damage, and prevents inappropriate activation
of inflammatory and apoptotic pathways.*

When ROS production exceeds the buffering capacity
of antioxidant defenses, however, their role shifts from
physiological signaling to pathological injury. Excessive
ROS induce oxidative damage to lipids, proteins, and
nucleic acids, disrupt mitochondrial function, and acti-
vate pro-inflammatory and pro-apoptotic signaling path-
ways.” In the context of HF, sustained oxidative stress
thereby contributes to progressive cellular dysfunction,
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adverse tissue remodeling, and impaired regenerative ca-
pacity.®

Excessive ROS generation in HF arises from multiple
converging sources within the failing cardiovascular sys-
tem. Mitochondrial dysfunction in HF, characterized by
impaired electron transport chain efficiency and increased
electron leakage—particularly at complexes | and lll—rep-
resents a major source of superoxide generation in failing
cardiomyocytes. In parallel, activation of NADPH oxidases
in cardiomyocytes, endothelial cells, and vascular smooth
muscle cells plays a pivotal role in HF-associated oxidative
stress, as these enzymes directly generate superoxide an-
ions through electron transfer from NADPH to molecular
oxygen, thereby constituting a major non-mitochondrial
source of pathological ROS production. This pathological
ROS generation is further amplified by chronic neurohor-
monal activation and mechanical stress, ultimately estab-
lishing a self-sustaining state of oxidative imbalance that
perpetuates myocardial injury and drives disease progres-
sion in HF.%®
Oxidative stress in HF is closely intertwined with chronic
low-grade inflammation, with both processes acting in
concert to perpetuate cellular injury and disease progre-
ssion. Pro-inflammatory cytokines, particularly tumor ne-
crosis factor-a. (TNF-a) and interleukin-1pB (IL-1B), stimula-
te ROS production through activation of NADPH oxidases
and mitochondrial pathways, while oxidative stress in turn
amplifies inflammatory signaling by activating redox-sen-
sitive transcription factors such as nuclear factor-«B (NF-
-kB). Through ROS-induced oxidative modifications, this
bidirectional interaction enhances cytokine expression,
promotes endothelial activation, and facilitates immune
cell recruitment, thereby establishing a self-perpetua-
ting inflammatory-oxidative cycle that sustains cellular
injury even in the absence of acute ischemic insults.>® In
the context of HF, this persistent inflammatory—oxidative
interplay contributes not only to progressive myocardial
dysfunction but also to systemic consequences, including
bone marrow impairment and ineffective erythropoiesis,
as discussed below.30

Beyond its deleterious effects on myocardial struc-
ture and function, oxidative stress exerts systemic conse-
quences that are directly relevant to the development of
anemia in HF.%®>' Circulating erythrocytes are particularly
vulnerable to oxidative injury due to their continuous ex-
posure to high oxygen tension and limited intrinsic an-
tioxidant capacity. Reactive oxygen species induce lipid
peroxidation of erythrocyte membranes and oxidative
cross-linking of cytoskeletal proteins, resulting in re-
duced cellular deformability. As normal erythrocyte de-
formability is essential for passage through the narrow
splenic sinusoids, loss of this mechanical flexibility pro-
motes mechanical retention and recognition of damaged
erythrocytes by splenic macrophages, thereby accelerat-
ing splenic clearance. In parallel, oxidative modification
of hemoglobin promotes methemoglobin formation and
enhances erythrophagocytosis, thereby further shorten-
ing erythrocyte lifespan.>?

Oxidative stress also compromises erythropoiesis at the
level of the bone marrow microenvironment. Elevated
ROS induce oxidative DNA damage in hematopoietic
stem and progenitor cells, impairing their self-renewal

capacity and limiting effective erythroid differentiation.
These detrimental effects are further exacerbated by
inflammation-associated oxidative signaling, providing
a mechanistic link between systemic inflammatory activa-
tion and intrinsic dysfunction of the hematopoietic com-
partment.>

Collectively, the combined effects of reduced erythro-
cyte survival and impaired erythropoietic output establish
oxidative stress as a key mechanistic contributor to ane-
mia in chronic HF. By bridging inflammation, bone mar-
row dysfunction, and ineffective erythropoiesis, oxidative
stress represents a critical intermediary pathway in the
complex pathophysiology of HF-associated anemia.>*>

Bone marrow microenvironment in heart failure
The bone marrow constitutes a highly specialized regula-
tory niche in which erythropoiesis is orchestrated throu-
gh tightly coordinated interactions between long-term
self-renewing hematopoietic stem cells, which maintain
the regenerative capacity of the hematopoietic system,
and lineage-committed hematopoietic progenitor cells
responsible for immediate erythroid output, together
with mesenchymal stromal cells, endothelial cells, and ex-
tracellular matrix components.>* This niche integrates ery-
thropoietin-dependent signaling with local oxygen avai-
lability and hypoxia-responsive niche signaling, reflecting
spatial oxygen microgradients within the bone marrow,
as well as iron availability and paracrine regulatory cues
that collectively modulate erythroid progenitor fate.>*8
In chronic heart failure, disruption of these interdepen-
dent regulatory circuits renders the marrow microenvi-
ronment maladaptive, thereby constraining erythroid
lineage commitment and limiting the capacity of proge-
nitor cells to mount an effective erythropoietic response
despite preserved systemic stimuli.>®

In chronic heart failure, erythropoietin-dependent
signaling is functionally impaired despite preserved or
elevated circulating erythropoietin levels, reflecting
a state of erythropoietin resistance at the level of ery-
throid progenitors.3* As discussed in detail above, chronic
inflammation, oxidative stress, and concomitant renal
dysfunction—hallmarks of chronic heart failure—attenu-
ate downstream erythropoietin receptor signaling, ulti-
mately limiting effective erythroid differentiation.®

Chronic heart failure is associated with systemic micro-
vascular dysfunction and reduced cardiac output, which
are expected to impair bone marrow perfusion and en-
dothelial function, given the critical dependence of the
hematopoietic niche on intact vascular regulation.®®
These changes disrupt physiologic oxygen microgradients
that normally segregate proliferative and differentiative
erythroid compartments according to their distinct meta-
bolic requirements, hypoxia-responsive signaling profiles,
and tolerance to oxidative stress. Rather than being ex-
posed to spatially organized oxygen niches, erythroid
progenitors experience fluctuating or diffuse hypoxic
conditions that disrupt coordinated hypoxia-adaptive sig-
naling.>>*%62 This abnormal oxygen milieu leads to inap-
propriate activation or suppression of hypoxia-inducible
transcriptional programs and altered metabolic switch-
ing between oxidative phosphorylation and glycolysis,
thereby increasing oxidative stress.>6263 As a result, early
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erythroid progenitors fail to sustain proliferative capac-
ity, while later-stage erythroblasts undergo premature
apoptosis or incomplete maturation, ultimately shifting
erythropoiesis toward an inefficient, stress-dominated
phenotype.>659.63

Heart failure is commonly associated with functional
iron deficiency driven by inflammation-mediated hepci-
din upregulation, as discussed above.'” At the level of the
bone marrow niche, restricted systemic iron mobilization
is further compounded by impaired macrophage-mediat-
ed iron recycling within erythropoietic islands, reducing
local iron availability for hemoglobin synthesis and there-
by limiting effective erythroid maturation and further in-
hibiting erythropoiesis.2-8:64
Paracrine regulation within the bone marrow niche is
profoundly altered in chronic heart failure.®> Elevated le-
vels of inhibitory cytokines such as IL-6, TNF-a, and IFN-y
suppress erythroid differentiation and reduce progenitor
responsiveness to erythropoietin.?># Structural and func-
tional remodeling of mesenchymal stromal and endothe-
lial cells diminishes the availability of supportive growth
factors and chemokines, including stem cell factor and
CXCL12, while extracellular matrix alterations disrupt
cell-cell and cell-matrix interactions essential for ery-
thropoietic organization.>*%% Together, these paracrine
disturbances destabilize the erythropoietic niche and fur-
ther impair coordinated erythroid lineage commitment
and maturation in chronic heart failure.545%65

Collectively, dysfunction of the bone marrow micro-
environment represents a central pathophysiological
link between systemic heart failure-associated stressors
and impaired red blood cell production. This integrative
framework explains the frequent persistence of anemia
in heart failure despite normal or elevated circulating
erythropoietin concentrations and provides a conceptual
bridge between impaired erythropoiesis and downstream
abnormalities in erythrocyte survival and phenotype.+5965

Reduced RBC lifespan and deformability
Under physiological conditions, red blood cells circula-
te for approximately 120 days before being cleared by
the reticuloendothelial system.®” In chronic heart failure,
erythrocyte survival is modestly but clinically relevantly
shortened, reflecting accelerated erythrocyte turnover,
and contributes to anemia in conjunction with impaired
erythropoiesis.5®

As discussed in the preceding section, chronic heart
failure is characterized by sustained oxidative stress,
which induces structural damage to erythrocyte mem-
branes and cytoskeletal proteins, resulting in reduced
cellular deformability—a key determinant of erythrocyte
survival.®®® Impaired membrane flexibility promotes me-
chanical retention within the microcirculation and splenic
sinusoids, enhancing macrophage-mediated clearance
and ultimately shortening erythrocyte lifespan.®®
Inflammatory activation provides an additional mechani-
sm linking HF to reduced RBC survival.®® Pro-inflammatory
cytokines—including interleukin-6 and interleukin-1p—
promote eryptosis by inducing phosphatidylserine expo-
sure on the outer leaflet of the erythrocyte membrane,
a process experimentally demonstrated in vitro.”® Phos-
phatidylserine serves as a key “eat-me” signal, facilitating

recognition and clearance by the mononuclear phagocyte
system.”" In chronic HF, sustained low-grade inflammation
provides a permissive milieu for cytokine-driven erypto-
sis, thereby directly linking inflammatory activation to
accelerated erythrocyte clearance and the development
of anemia.®®7

Beyond oxidative and inflammatory injury, endothe-
lial dysfunction and reduced nitric oxide bioavailability—
hallmarks of chronic heart failure—represent additional
contributors to altered erythrocyte biomechanics, as ni-
tric oxide plays a critical role in maintaining red blood cell
deformability.®®”2 In a murine model of chronic HF, pro-
gressive impairment of NO production was accompanied
by reduced RBC deformability and increased erythrocyte
rigidity, changes that may hinder microvascular transit
and favor premature erythrocyte clearance.*®73

Direct assessment of erythrocyte lifespan using chro-
mium-51 or biotin labeling techniques remains the gold
standard; however, such approaches are rarely applied in
clinical HF populations due to methodological and logis-
tical constraints.®’7* Consequently, indirect hematologic
markers have gained importance.” Red cell distribution
width (RDW), reflecting heterogeneity in erythrocyte
size, is consistently elevated in patients with heart failure
and independently predicts adverse outcomes, including
increased all-cause and cardiovascular mortality, higher
rates of heart failure-related hospitalization, and worse
overall prognosis in large clinical cohorts.”>”” Increased
RDW is thought to reflect disturbed erythrocyte homeo-
stasis, integrating both impaired erythropoiesis and en-
hanced clearance of circulating red blood cells. Compen-
satory release of larger, immature reticulocytes together
with shortened survival of damaged mature erythrocytes
contributes to anisocytosis and widening of the red blood
cell volume distribution.” Thus, RDW serves not merely as
a prognostic biomarker but as an integrative surrogate of
disrupted erythropoiesis and reduced erythrocyte survival
in heart failure.”>’®

Collectively, these mechanisms indicate that reduced
erythrocyte lifespan represents a clinically relevant and
pathophysiologically integrated contributor to anemia
in chronic heart failure. Accelerated erythrocyte clear-
ance, driven by oxidative injury, inflammatory signaling,
and endothelial dysfunction, acts synergistically with im-
paired erythropoietic output to limit effective red blood
cell mass. Together, these upstream and downstream ab-
normalities establish a state of heightened erythrocyte
turnover that is inadequately compensated by bone mar-
row erythropoiesis, thereby perpetuating anemia and
contributing to disease progression in heart failure.*6874

Nutritional and metabolic influences

Nutritional deficiencies are highly prevalent in heart fai-
lure and represent an important, yet often underrecogni-
zed, contributor to the development or progression of
anemia. Multiple mechanisms converge, including redu-
ced oral intake due to anorexia or early satiety, intestinal
edema and congestion impairing nutrient absorption,
increased metabolic demands, and enhanced catabolism
driven by systemic inflammation and neurohormonal acti-
vation. These disturbances are particularly pronounced in
elderly patients and in those with cardiac cachexia.”
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Patients with heart failure frequently experience
anorexia and early satiety, largely as a consequence of
gastrointestinal congestion, hepatomegaly, and altered
gut perfusion. Elevated central venous pressure and
splanchnic congestion impair gastric emptying and in-
testinal motility, while hepatic congestion may further
exacerbate nausea and appetite suppression. In paral-
lel, venous congestion and intestinal wall edema disrupt
normal gastrointestinal function and significantly impair
nutrient absorption by compromising mucosal integrity
and digestive capacity. Edematous thickening of the in-
testinal mucosa reduces the efficiency of iron and micro-
nutrient uptake, while congestion-associated alterations
in gut permeability further exacerbate malabsorption.
Impaired intestinal absorption may lead to true iron
deficiency due to reduced transcellular iron transport
across the duodenal epithelium, resulting in insufficient
iron delivery to the circulation and subsequent iron-re-
stricted erythropoiesis.”

Reduced dietary intake and decreased absorptive ca-
pacity result in an insufficient supply of essential sub-
strates required for effective erythropoiesis, including
iron as well as other key hematopoietic micronutrients
such as vitamin B12 and folate, and high-quality pro-
tein.” While iron deficiency primarily affects heme syn-
thesis, deficiencies of vitamin B12 and folate impair DNA
synthesis, leading to ineffective erythroid maturation and
intramedullary apoptosis of erythroid precursors. In more
advanced or prolonged deficiency states, impaired nu-
clear maturation may manifest as megaloblastic anemia
and, in severe cases, may be accompanied by leukope-
nia and thrombocytopenia, resulting in pancytopenia.®
Moreover, inadequate protein intake further restricts the
availability of amino acids necessary for globin chain syn-
thesis and erythroid cell proliferation.®

Over time, these combined deficiencies contribute to
a hypoproliferative pattern of anemia characterized by
reduced reticulocyte production and impaired red blood
cell output, a phenotype frequently observed in advanced
heart failure.>® Importantly, these nutritional deficits may
coexist with preserved or even elevated iron stores in the
context of inflammation, masking true functional sub-
strate deficiency and complicating the clinical recognition
of nutrition-related anemia.®

Heart failure is characterized by a chronic hypermeta-
bolic state driven by heightened myocardial energy ex-
penditure, sustained activation of compensatory neuro-
hormonal mechanisms, and additional systemic energy
demands related to respiratory effort.® Elevated meta-
bolic demands and altered metabolic regulation in heart
failure increase the requirement for nutrients and micro-
nutrients essential for erythropoiesis, predisposing pa-
tients to iron and vitamin depletion.®* When nutritional
intake and absorption fail to meet these heightened re-
quirements, a negative balance ensues, contributing to
impaired red blood cell production and reduced hemo-
globin levels.®

Beyond the previously discussed disturbances in iron
homeostasis and erythropoietic regulation, persistent
systemic inflammation and sustained neurohormonal ac-
tivation represent central features of heart failure patho-
physiology that exert additional suppressive effects on

red blood cell production.**7# Proinflammatory cyto-
kines promote skeletal muscle protein breakdown and in-
duce a state of negative nitrogen balance, thereby reduc-
ing the systemic availability of amino acids and metabolic
substrates required for effective erythropoiesis.**#:8” Neu-
rohormonal mediators further exacerbate erythropoietic
dysfunction by altering cellular energy utilization and re-
dox homeostasis, impairing the capacity of erythroid pre-
cursors to sustain proliferation and hemoglobin synthesis
despite preserved substrate availability.®-°

Through the convergence of these mechanisms, nu-
tritional and metabolic derangements create a state of
relative nutrient deficiency, iron-restricted erythropoi-
esis, and impaired red blood cell production, thereby sub-
stantially contributing to the burden of anemia in heart
failure.

Medication-related effects on erythropoiesis
Several pharmacologic agents routinely used in the ma-
nagement of HF may influence erythropoiesis and iron
homeostasis through diverse and often overlapping me-
chanisms.®> These include renin—angiotensin system (RAS)
inhibitors such as angiotensin-converting enzyme inhibi-
tors (ACEls), angiotensin receptor blockers (ARBs), and
angiotensin receptor—neprilysin inhibitors (ARNIs); diure-
tic therapy; sodium-glucose cotransporter 2 (SGLT-2) in-
hibitors; antiplatelet and anticoagulant therapies.®>*' The
net effect of these therapies on hemoglobin concentrati-
on reflects a balance between direct effects on erythroid
progenitor cells, modulation of erythropoietin produc-
tion, changes in plasma volume, renal function, and tre-
atment-associated blood or iron losses.®

Inhibition of the renin-angiotensin system repre-
sents a cornerstone of HF therapy but is associated with
modest effects on erythropoiesis. Angiotensin Il directly
stimulates erythroid progenitor cell proliferation and en-
hances erythropoietin (EPO) production; therefore, phar-
macologic blockade with ACEIs or ARBs attenuates these
pathways, leading to small but measurable reductions in
hemoglobin concentration. In addition, suppression of an-
giotensin Il-mediated renal hemodynamic regulation may
impair renal oxygen sensing and EPO synthesis, particu-
larly in patients with concomitant chronic kidney disease
or reduced renal reserve.?? Angiotensin receptor-neprily-
sin inhibitors appear to exert similar or slightly attenu-
ated effects compared with ACEIs/ARBs, although data
remain limited.*® Clinically, the hemoglobin-lowering ef-
fect of RAS inhibition is usually mild and outweighed by
its survival benefit but may become relevant in patients
with multiple anemia-promoting comorbidities.®

Diuretics influence hemoglobin concentration pre-
dominantly through changes in plasma volume rather
than direct effects on red blood cell production. Acute
initiation or intensification of diuretic therapy—particu-
larly with loop diuretics—often results in hemoconcen-
tration, leading to transient increases in hemoglobin and
hematocrit that reflect plasma volume contraction rather
than true augmentation of red cell mass.** In contrast,
chronic loop diuretic use, particularly at high doses, re-
duces effective circulating volume and renal perfusion,
triggering sustained activation of the renin—angiotensin—
aldosterone system and sympathetic nervous system.%>
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This neurohormonal activation promotes renal vasocon-
striction, inflammatory signaling, and medullary hypoxia,
ultimately impairing renal oxygen sensing and erythro-
poietin production and thereby indirectly suppressing
erythropoiesis.®

Thiazide diuretics, typically administered at lower
doses or as adjunctive therapy, exert relatively mild and
stable effects on intravascular volume. Consequently, any
associated changes in hemoglobin concentration are gen-
erally small and most likely reflect volume-related effects
rather than direct modulation of erythropoiesis.®

Mineralocorticoid receptor antagonists, while not po-
tent diuretics, may further modulate hemoglobin levels
indirectly through their effects on renal hemodynamics
and electrolyte balance, as well as through attenuation
of aldosterone-mediated inflammatory and profibrotic
signaling. Although aldosterone blockade may theoreti-
cally attenuate inflammation-associated suppression of
erythropoiesis, any favorable effects on hemoglobin ap-
pear modest and are frequently offset by reductions in
erythropoietin production related to impaired renal func-
tion or hyperkalemia, resulting in a largely neutral net
effect on hemoglobin concentration.892

Consequently, interpretation of hemoglobin levels in
heart failure patients receiving diuretic therapy requires
careful assessment of volume status and renal function,
as apparent anemia or normalization of hemoglobin may
reflect dilutional or concentration effects rather than
true changes in erythropoiesis.”>%

Sodium-glucose cotransporter 2 (SGLT-2) inhibitors
have consistently been shown to increase hemoglobin
and hematocrit levels in patients with heart failure, ir-
respective of diabetes status.”” Although this effect was
initially attributed to hemoconcentration resulting from
osmotic diuresis, accumulating evidence indicates that
SGLT-2 inhibitors directly stimulate erythropoiesis. Pro-
posed mechanisms include improved renal cortical oxy-
genation, reduced tubular workload, attenuation of
inflammatory signaling, and enhanced erythropoietin
production. Notably, increases in hemoglobin associated
with SGLT-2 inhibitor therapy appear sustained over time
and may represent one of several mechanisms contribut-
ing to the observed prognostic benefits of this drug class,
distinguishing SGLT-2 inhibitors from most other heart
failure therapies, which are generally neutral or mildly
suppressive with respect to erythropoiesis.®®

Antiplatelet agents and oral anticoagulants are com-
monly prescribed in patients with heart failure, particu-
larly in the presence of ischemic heart disease or atrial
fibrillation, but are associated with an increased risk of
gastrointestinal bleeding.?® Beyond overt hemorrhagic
events, chronic occult gastrointestinal microbleeding
may occur and lead to progressive iron loss and deple-
tion of iron stores. Over time, this results in absolute iron
deficiency and iron-deficiency anemia, typically charac-
terized by microcytosis, hypochromia, and increased red
cell distribution width.>® Elderly patients and those with
concomitant gastrointestinal pathology or exposure to
nonsteroidal anti-inflammatory drugs appear particu-
larly vulnerable, rendering long-term antithrombotic
therapy a clinically relevant contributor to anemia in
heart failure.®

Taken together, these treatment-related mechanisms
illustrate the complexity of anemia in HF. While the sur-
vival benefits of ACEls, ARBs, and anticoagulants clearly
outweigh their hematologic side effects, awareness of
these interactions is crucial. Regular monitoring of com-
plete blood counts, ferritin, and transferrin saturation is
recommended in patients on chronic HF therapy, especial-
ly in those who are elderly, have chronic kidney disease,
or receive long-term anticoagulation. Early recognition
of treatment-associated anemia allows timely correction
of iron deficiency and prevents additive negative effects
on exercise tolerance and prognosis.

Integration of mechanisms

Anemia in heart failure (HF) does not arise from a sin-
gle dominant defect but rather reflects the convergen-
ce of multiple interdependent mechanisms that jointly
impair effective red blood cell (RBC) mass and function.
These mechanisms—volume dysregulation, iron defici-
ency, impaired erythropoiesis, reduced RBC survival, and
bone marrow dysfunction—are tightly interconnected
and amplified by shared upstream drivers such as neu-
rohormonal activation, renal dysfunction, inflammation,
and oxidative stress. Consequently, reduced hemoglobin
concentration in HF may reflect true anemia, dilutional
“pseudoanemia,” or, most commonly, a combination of
both.”#

A fundamental component of this integrated phe-
notype is plasma volume expansion and hemodilution.
Neurohormonal and renal maladaptation promote so-
dium and water retention, increasing plasma volume and
lowering measured hemoglobin concentration without
a proportional reduction in RBC mass. This dilutional
component may be clinically occult in chronic conges-
tion and is particularly dynamic during episodes of acute
decompensation, when intravascular refilling and fluid
redistribution can transiently reduce hemoglobin concen-
tration. Thus, hemoglobin trajectories in HF frequently
reflect changes in volume status rather than isolated he-
matologic processes.®

Superimposed on volume-related effects, iron defi-
ciency represents a central pathophysiological link be-
tween impaired erythropoiesis and reduced tissue ener-
getics. Absolute iron deficiency may arise from impaired
intestinal absorption due to venous congestion or chronic
gastrointestinal blood loss, whereas functional iron de-
ficiency is driven by inflammation-mediated hepcidin
overexpression, which restricts iron mobilization despite
preserved or increased iron stores. In both settings, lim-
ited iron availability constrains hemoglobin synthesis and
disrupts mitochondrial function in cardiac and skeletal
muscle, thereby exacerbating fatigue, exercise intoler-
ance, and disease progression independently of anemia
severity, underscoring the clinical relevance of iron defi-
ciency beyond hemoglobin concentration alone.®

At the level of erythropoietic regulation, heart fail-
ure is characterized by relative erythropoietin (EPO) in-
sufficiency and resistance rather than absolute EPO de-
ficiency.?* Renal hypoperfusion, venous congestion, and
progressive structural kidney damage reduce effective
EPO-producing capacity, while persistent hypoxic and
neurohormonal stimuli maintain circulating EPO concen-
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trations that remain inadequate relative to the severity of
anemia.? In parallel, inflammatory cytokines and the ure-
mic milieu impair EPO receptor signaling in the bone mar-
row, resulting in blunted erythroid progenitor respon-
siveness and inappropriately low reticulocyte production
despite preserved or modestly increased EPO levels.3*-35
Functional iron deficiency further restricts erythroid re-
sponsiveness, reinforcing ineffective erythropoiesis and
limiting compensatory red blood cell production.* To-
gether, these mechanisms define a state of relative eryth-
ropoietin insufficiency and resistance in heart failure, in
which erythropoietic drive is preserved but functionally
ineffective, explaining the limited efficacy of erythropoi-
esis-stimulating strategies in this population.3#38

Inflammation and oxidative stress act as central am-
plifiers that integrate disturbances in iron metabolism,
erythropoietic regulation, and red blood cell survival in
heart failure.® Pro-inflammatory cytokines promote hep-
cidin synthesis, suppress erythroid progenitor survival
and differentiation, and impair erythropoietin signaling,
thereby directly linking immune activation to functional
iron restriction and bone marrow dysfunction.5#* Oxida-
tive stress, arising from mitochondrial dysfunction and
excessive generation of reactive oxygen species, interacts
bidirectionally with inflammation and amplifies cellular
injury across multiple compartments.®® Oxidative dam-
age to mature red blood cell membranes and cytoskeletal
proteins reduces erythrocyte deformability and promotes
premature clearance from the circulation, while parallel
injury to hematopoietic progenitors limits effective red
blood cell production in the bone marrow.%®>36 Clinical-
ly, this combined disturbance of erythropoiesis and red
blood cell survival manifests as increased red cell distribu-
tion width, a robust integrative marker that consistently
associates with adverse outcomes in heart failure.”’® Col-
lectively, these processes highlight anemia in heart failure
as an integrated consequence of inflammatory, oxidative,
and erythropoietic dysregulation.?>

These processes are further shaped by disruption of
the bone marrow niche and by systemic modifiers charac-
teristic of heart failure.®> Reduced marrow perfusion and
persistent inflammatory signaling in heart failure desta-
bilize the erythropoietic microenvironment by impairing
iron availability and erythroid progenitor maturation,
thereby favoring ineffective erythropoiesis.®* In par-
allel, nutritional deficiencies, malabsorption related to
intestinal congestion, and catabolic metabolic signaling
reduce the availability of substrates essential for effective
erythropoiesis.”?#8 Medication-related factors—includ-
ing renin—angiotensin system inhibition, diuretic-induced
volume shifts, and chronic antithrombotic therapy—add
further complexity by modulating plasma volume, eryth-
ropoietic signaling, and iron balance, thereby reinforcing
anemia through multiple converging pathways.5 1885929495
Collectively, these factors reinforce anemia in heart fail-
ure as a multifactorial and dynamically regulated condi-
tion requiring integrated pathophysiological interpreta-
tion.

This integrated pathophysiological framework helps
explain why therapeutic strategies targeting single mech-
anisms have largely failed to improve clinical outcomes
in heart failure-associated anemia.® Erythropoiesis-stim-

ulating agents increase hemoglobin only modestly and
do not overcome the combined barriers of iron restric-
tion, inflammation, oxidative stress, and bone marrow
resistance, while oral iron supplementation is frequently
ineffective due to hepcidin-mediated blockade of intesti-
nal absorption.?®3%85 |n contrast, interventions that act on
multiple pathways simultaneously—such as intravenous
iron therapy or sodium-glucose cotransporter 2 inhibi-
tors—have demonstrated more consistent clinical bene-
fit, likely by restoring functional iron availability, improv-
ing erythropoietic signaling, and modulating renal and
volume homeostasis.>®°” Taken together, this integrated
framework highlights anemia in heart failure as a patho-
physiological marker of systemic disease severity rather
than an isolated therapeutic target.

In summary, heart failure-associated anemia represents
a multifactorial manifestation of systemic disease severity
rather than an isolated hematologic disorder.>¢8> Qver-
lapping disturbances in volume regulation, iron metabo-
lism, erythropoietin signaling, bone marrow function,
and red blood cell survival—amplified by inflammation
and oxidative stress—necessitate an integrated clinical
interpretation. Consequently, hemoglobin concentration
should be evaluated and managed in the context of iron
status, volume dynamics, and underlying disease process-
es rather than targeted in isolation.®

Discussion

Anemia in heart failure represents the integrated out-
come of multiple interdependent physiological distur-
bances rather than a single dominant abnormality. The
mechanisms discussed in this review—encompassing vo-
lume regulation, iron handling, erythropoietic signaling,
red blood cell production and survival, inflammation, and
metabolic stress—interact dynamically and vary in relative
importance across disease stages and clinical contexts.

A key implication of this integrated framework is
that hemoglobin concentration functions as a composite
marker rather than a direct surrogate of red blood cell
mass or oxygen-carrying capacity. Changes in hemoglo-
bin may therefore reflect true anemia, dilutional effects,
or both, complicating clinical interpretation when hemo-
globin is considered in isolation. This complexity provides
a plausible explanation for the limited and inconsistent
success of therapeutic strategies targeting individual
pathways.

Iron deficiency constitutes an important and clinically
relevant component of this spectrum, but it does not op-
erate in isolation. Its interaction with inflammatory sig-
naling, erythropoietic responsiveness, and volume status
underscores the need to interpret iron-related abnor-
malities within a broader systemic context. Similarly, dis-
turbances in erythropoietin signaling, bone marrow func-
tion, and red blood cell survival contribute independently
and synergistically to anemia severity and persistence.

Several conceptual and methodological gaps remain.
It is not fully established whether anemia in heart failure
acts primarily as a mediator of disease progression or as
a marker of systemic illness severity. In addition, hetero-
geneity in study design, reliance on hemoglobin as a soli-
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tary endpoint, and limited integration of volume- and
erythropoiesis-related parameters constrain interpreta-
tion of existing evidence.

Future research should prioritize integrative phenotyp-
ing approaches that capture the multidimensional nature
of anemia in heart failure. Such strategies may improve risk
stratification, refine therapeutic targeting, and support
more personalized management frameworks. Collectively,
these considerations support viewing anemia in heart fail-
ure as a dynamic manifestation of multisystem dysregula-
tion rather than an isolated hematologic disorder.

Conclusion

Anemia is a frequent and clinically relevant feature of
heart failure that reflects the convergence of multiple
interrelated pathophysiological disturbances, including
volume dysregulation, impaired erythropoietic signaling,
inflammation, altered iron handling, and oxidative stress.
Rather than representing a secondary or isolated abnor-
mality, anemia constitutes an integrated component of
the systemic dysregulation characteristic of heart failure,
with important functional and prognostic associations.

Current evidence indicates that hemoglobin concentra-
tion alone provides an incomplete representation of this
complex phenotype. Meaningful clinical interpretation
requires consideration of iron status, volume dynamics,
and underlying regulatory mechanisms that jointly shape
anemia expression across different stages of heart failure.

From a clinical perspective, these insights support the
need for a more integrated approach to anemia assess-
ment and management in heart failure. Future research
should focus on multidimensional phenotyping strategies
that move beyond single biomarkers, clarify the mecha-
nistic hierarchy underlying anemia, and inform more per-
sonalized therapeutic frameworks. Collectively, such ap-
proaches may improve risk stratification and contribute
to more effective, mechanism-informed management of
patients with heart failure.
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