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Iron deficiency (ID) tends to be overlooked compared with
anemia. However, its prevalence is estimated to be twice as
high as that of ID anemia, and ID without anemia can be
accompanied by clinical and functional impairments. The
symptoms of ID are nonspecific, such as fatigue and lethargy,
but can lead to neurodevelopmental disorders in children,
restless legs syndrome, and recurrent infections due to
immune system dysregulation. In particular, the risk of ID is
high in the context of chronic inflammatory diseases (CIDs)
due to the reaction of various cytokines and the resulting
increase in hepcidin levels; ID further exacerbates these
diseases and increases mortality. Therefore, the diagnosis of
ID should not be overlooked through ID screening especially
in high-risk groups. Ferritin and transferrin saturation levels
are the primary laboratory parameters used to diagnose
ID. However, as ferritin levels respond to inflammation, the
diagnostic criteria differ among guidelines. Therefore, new
tools and criteria for accurately diagnosing ID should be
developed. Treatment can be initiated only with an accurate
diagnosis. Oral iron is typically the first-line treatment for
ID; however, the efficacy and safety of intravenous iron have
recently been recognized. Symptoms improve quickly after
treatment, and the prognosis of accompanying diseases can
also be improved. This review highlights the need to improve
global awareness of ID diagnosis and treatment, even in the
absence of anemia, to improve the quality of life of affected
children, especially those with CIDs.
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Key message

- Iron deficiency has important effects on neurodevelopment
and the immune system in children.

- Hepcidine plays an important role in iron homeostasis.

- Diagnosis and treatment of iron deficiency in chronic inflam-
matory disease are important for patients' quality of life and
disease course.

Introduction

Iron deficiency (ID) and iron deficiency anemia (IDA)
are health-related conditions and among the leading con-
tributors to the global burden of disease. Worldwide, IDA
affects an estimated 1.2 billion people. Although the statis-
tics for ID are unclear, its prevalence is considered at least
double that of IDA.1?

Iron is an essential element in numerous physiological
processes and the functioning of all organs.? Since most
consumed is used for hemoglobin synthesis, IDA can be
said to be the ultimate outcome of ID; however, in the same
vein, clinical and functional impairments can occur even
without anemia. Therefore, ID can be viewed as a broader
condition than IDA. Nevertheless, ID without anemia is
often overlooked."¥

ID is associated with risks in children, including fatigue,
impaired cognitive and brain development, failure to thrive,
restless legs syndrome (RLS), immune dysregulation, and
cardiac problems.” In particular, ID is a common comor-
bidity in patients with chronic inflammatory diseases
(CID), such as congestive heart failure, inflammatory bowel
disease (IBD), and chronic kidney disease (CKD).”? ID
reportedly adversely affects the aggravation of concomitant
diseases and prognosis.” However, there are many cases in
which ID is masked by other diseases.

ID is an important global disease in an era that prioritizes
children’s quality of life. Therefore, this review aimed to
provide an overview of the current knowledge of the dia-
gnosis and causes of ID with a focus on the problems as-
sociated with ID in the context of chronic inflammation.

ID etiology and classification

Alterations of iron availability can be classified in terms
of “absolute” or “functional” ID. In the absolute ID state, the
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total body iron stores, mostly in macrophages and hepa-
tocytes, are reduced. Absolute ID can occur in cases of
increased demand, decreased iron intake or absorption, or
chronic blood loss (Table 1). Absolute ID is characterized by
low levels of stored iron, resulting in low serum ferritin and
reduced transferrin levels.”

Unlike absolute ID, functional ID is a state of imbalance
between iron demand and serum iron availability that
may occur despite adequate body iron stores.® This pheno-
menon is caused by an insufficient release of iron due to the
internalization of ferroportin (FPN) channels by hepcidin.”
Functional ID is most frequently observed in the systemic
inflammation and/or infection setting (Table 1). Because
iron-deficient erythropoiesis occurs by reducing iron bio-
availability, the term functional ID is sometimes used
interchangeably with iron-restricted erythropoiesis.

Some patients with CID have both functional and absolute
ID. However, an accurate diagnosis is important because the
treatment plans differ accordingly.

Metabolic pathology of ID, especially in inflammation

Iron balance is important for all cells, and iron homeosta-
sisis precisely regulated. Iron availability is tightly regulated
at the cellular and systemic levels through coordination
with the expression of iron importer and exporter, and iron
storage. ID is an inevitable side effect that occurs when iron
availability is insufficient." When ID occurs due to multi-
ple causes (Table 1), adaptive mechanisms optimize iron
use and aid its absorption.

1.Iron adaptation at a systemic level

The mechanism of systemic iron adaptation is regulated
by hepcidin-based homeostatic control.” Hepcidin is a small
peptide hormone primarily synthesized in the liver. This
protein binds to the iron exporter FPN and blocks iron efflux
into the plasma. FPN is highly expressed in enterocytes

Table 1. Risk of iron deficiency in children and adolescents

and macrophages, and hepcidin induces the degradation of
iron-containing FPN, blocking the iron efflux pathway.”

When ID occurs, hepcidin is suppressed by iron supply
optimization via iron absorption enhancement and recycling.
Several mechanisms downregulate hepcidin transcription
in hepatocytes (Fig. 1A). First, the bone morphogenetic
protein (BMP)-SMAD signaling pathway is repressed by low
levels of BMP6. Transmembrane serine protease 6 disrupts
hepcidin synthesis by cleaving hemojuvelin, a coreceptor
of BMP. In addition, the ALK3 signal is reduced because
transferrin receptor 2 is not stabilized on the cell surface,
which in turn reduces hepcidin transcription. Histone
deacetylase 3 participates in hepcidin suppression by erasing
the markers of hepcidin activation.'” Additionally, increased
erythroferrone blocks hepcidin transcription via an un-
known mechanism.? The reduction in hepcidin levels by
these mechanisms increases FPN activity and consequently
increases the amount of iron entering the plasma.!”

Additionally, erythropoietin (EPO) production stimulates
erythropoiesis in erythroblasts. In enterocytes, ID-induced
hypoxia-inducible factor-2a (HIF-2a) upregulates the ex-
pression of divalent metal transporter 1 (DMT1) to increase
dietary iron uptake.?

2.Iron adaptation at a cellular level

Intracellular iron homeostasis is regulated by iron re-
gulatory proteins (IRPs) that bind to the iron-responsive
element (IRE). IRE resides in the untranslated region
(UTR) of messenger RNA (mRNA) and synthesizes the pro-
teins involved in iron metabolism. When iron is insufficient
in cells, an IRP binds to the IRE present in the 5-UTR and
interferes with mRNA transcription, reducing the synthesis
of ferritin, FPN, and HIF-2a while binding to the IRE pre-
sent in the 3’-UTR increases the synthesis of transferrin
receptor 1 (TfR1) and DMT1.!V In addition, inhibition of the
mammalian target of rapamycin activates tristetraproline,
which reduces both TfR1 and FPN expression and conserves
the iron required for tissue metabolism.?

Category

Risk

Physiologic individual risk factors

Infant, prematurity, low birth weight, consumption of cow’s milk before 12 months, breastfeeding alone without

additional iron supply after 6months of age, pre-school children, growth spurts in adolescents, menstrual blood loss,

blood donation
Decreased iron intake or absorption

Poverty, malnutrition, iron-poor vegan or vegetarian, gastrectomy, duodenal bypass, bariatric surgery, Helicobacter

pylori, celiac disease, atrophic gastritis, inflammatory bowel disease, proton-pump inhibitors

Gastrointestinal tract: hookworm, esophagitis, erosive gastritis, peptic ulcer, diverticulitis, Meckel diverticulum, benign

Genitourinary tract: heavy mestural bleeding, Intravascular hemolysis (paroxysmal nocturnalhemoglobinuria,
autoimmune hemolytic anemias), Familial hematuria (Alport syndrome)

Systemic: dialysis, schistosomiasis, hemorrhagic telangiectasia, inherited coagulopathies

Drug: salicylates, nonsteroidal anti-inflammatory drug, corticosteroid, anticoagulants

Cancer and hematologic malignancy, infection, immune-mediated disease, chronic kidney disease, congestive heart

Blood loss

tumors, inflammatory bowel disease, angiodysplasia, hemorrhoids
Inflammation

failure, chronic pulmonary disease, obesity
Genetic Iron-refractory iron-deficiency anemia

284 LeeNH.lIron deficiency in children

www.e-cep.org



Iron deficiency
- A
= “\\
l ) HFE ¥
BMP.
S6
Q‘- Ngn BMPR ﬁ'rm|____
LsEc = Ny
= / .8
..... 0 Erylhropoissis‘\
/5
."' \\“\\ N
Plasma A(\'ﬂ
/ X ¥  Macrophage
f A \&/

! / 2]
/ g ? = A .
! v

/ 3 HIF-2a = \Y/
,’ Enterocyte AN \&/
=

Adaptive

Iron deficiency

o
B X FPN
PL Ferr
3+
INFLAMMATION A e
TNF/IL1 Transferrin
IL1pLPS "'sj
Hepatocyte
TNF/IFN-r/

IL6/ IL10/IL1p

Iferritin
ol

Macrophage

Plasma

Enterocyte

Iron deficiency ¥
In Inflammation

Fig. 1. Hepcidin, produced in the liver, plays a key role in iron regulation. Hepcidin blocks the export of iron from the cell to the plasma
by degrading ferroportin (FPN) in enterocytes, macrophages, and hepatocytes. (A) Adaptation to iron deficiency: Several mechanisms
interfere with hepcidin production. The bone morphogenetic protein (BMP)-SMAD signaling cascade and ALK3 (activin receptor-like kinase
3) signaling are repressed. Increased erythroferrone blocks the hepcidin pathway via an unknown mechanism. In addition, iron deficiency-
induced hypoxia-inducible factor-2a (HIF-2a) increases divalent metal transporter 1 expression to increase the transfer of dietary iron and
the production of erythropoietin (EPO) to stimulate erythropoiesis. (B) In the inflammatory state, several cytokines (interleukin [IL]-6, IL-
1B, lipopolysaccharide) increase hepcidin production. In addition, cytokines such as tumor necrosis factor (TNF)-a and interferon (IFN)-y
stimulate the production of ferritin in macrophages, allowing iron to remain in the cells and eventually reducing plasma iron levels. LSEC, liver
sinusoidal endothelial cells; NEO1, neogenin; BMPR, bone morphogenic protein receptor; TMPRSS6; transmembrane serine protease 6; HFE,
hephaestin; HOX1, heme oxygenase 1; HCP, hepcidin; HAMP, hepcidin gene; STAT3, signal transducer and activator of transcription-3; TfR1,

transferrin receptor 1; LPS, lipopolysaccharide.

In ID, cells can recover the iron stored in ferritin by de-
gradation (ferritinophagy) via nuclear receptor coactivator
4. Ferritin plays an important role in intracellular iron
storage.

3.Iron adaptation in inflammatory condition

Several inflammatory cytokines are released by cells in
the immune system that respond to microbial molecules,
autoantigens, or tumor antigens, which alters whole-body
iron metabolism.!? First, proinflammatory cytokines affect
hepcidin production and release. Interleukin (IL)-6, IL-1p,
and lipopolysaccharide are potent inducers of hepcidin;
however, they reduce the expression of the iron transport
protein transferrin.'® Among them, IL-6 is considered the
most important factor that stimulates hepcidin production
through STAT3."® Consequently, FPN is degraded, iron
is retained in macrophages, and the efflux of absorbed
iron from the duodenum is blocked. In addition, several
cytokines (IL-1f, IL-6, IL-10, and interferon-gamma [IFN-
y]) promote iron uptake into macrophages via transferrin
receptor—mediated endocytosis.” Because this can incre-
ase radical-mediated damage, they stimulate ferritin pro-
duction to ensure safe and efficient iron storage. In addition,
these cytokines reduce FPN expression by inhibiting its
transcription.'”® Another cytokine, tumor necrosis factor-a
(TNF-a), decreases duodenal iron absorption through a

hepcidin-independent mechanism that has not yet been
precisely elucidated.!? These events induce iron restriction
at the cellular level by the storage of iron as ferritin and
prevention of its outflow into the plasma, thereby causing
ID (Fig. 1B).

Diagnosis of ID

In the diagnosis of ID, the bone marrow is a suitable tis-
sue for evaluating iron deposits. However, bone marrow
aspiration or biopsy is both invasive and expensive.!®!”
Bone marrow-based detection has been replaced by nonin-
vasive blood biomarkers such as ferritin, serum iron, and
transferrin saturation (TSAT).'® Among these, serum
ferritin is the most sensitive and widely used diagnostic
marker for ID.'® Ferritin is a protein that stores iron within
cells and is found in all cell types. Ferritin can store up to
4,500 iron atoms; when the intracellular iron concentration
increases, ferritin exerts a powerful ability to bind to iron,
preventing the cellular damage caused by free iron.!” A
small amount of ferritin is released from the cell and is
present in the plasma. This concentration is closely related
to the intracellular iron concentration; therefore, blood
ferritin concentration is an indicator of the amount of iron
stored in the body.'” Normal ferritin concentrations vary
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with age and sex, even in the absence of inflammation or
liver disease.!'” A ferritin level <12-15 pg/L confirms a
diagnosis of ID, although a ferritin level <30 pg/L has been
more widely used recently to identify ID with a sensitivity
of 92% and specificity of 98%.19?? However, ferritin is an
acute-phase reactant that increases in response to cellular
damage and inflammation as highlighted by reports of
extremely high serum ferritin concentrations associated

with severe cases of coronavirus disease 2019.2" Even if the
ferritin concentration is high, ID cannot be completely ruled
out. This may reflect a complex interaction between ID and
inflammation or other causes of cell damage.?? Therefore,
ferritin alone is rarely used to confirm the ID diagnosis in
patients with comorbid inflammatory components. Several
studies and guidelines have offered different opinions on
the most appropriate ferritin threshold (Table 2).1%2>-3%)

Table 2. Guidelines for diagnostic definition and treatment of ID or IDA®**?
Guideline Anemia ID IDA Treatment route Treatment threshold
WHO Hb<11 g/dL(6-59mo), Ferritin<15 pg/L (adult), <12 pg/L (children)  ND ND ND
(2020)'® <115 g/dL (5-11 yr), With inflammation, <70 ug/L (adult), <30
<12 g/dL (12-14 yr  pg/L(<5yr)
and nonpregnant
women), <11 g/dL
(pregnant women),
<13g/dL(men)
BC guideline ND Diagnostic: ferritin <15 pg/L (adult), <12 ug/ ND Oralironis ND
(2019)® L (children) preferred.
Probable: 15-30 pg/L
Possible: 12-20 pg/L
With inflammation > 30 pg/L
AAFP Same as WHO defini- ND With anemia, MCV <95 pm3, Oralor IV ND
(2021)* tion Ferritin <30 pg/L
BSH ND <12 pg/L(<5yr) ND Functional: IV ND
(2022)% <15 ug/L (>5yr)
Heart failure
ESC Hb<13 g/dL (men), ND Ferritin<100 pug/L or 100-299 pg/ Symptomatic: ND
(2021 <12 g/dL (women) Lif TSAT <20% consider IViron
ACCF/AHA ND Ferritin<100 pg/L or 100-300 pg/Lif TSAT ~ ND v Ferritin >100 pg/L
(2017)*" <20%
CKD
KDIGO Hb<13.0 g/dL (male), SevereID ferritin <30 pg/L ND Functional ID:IV. ND
(2012)%® <12.0 g/dL (female), NDCKD ferritin <500 pg/L and TSAT <30% NDCKD: oral or IV
<11.0 g/dL (<5 yr), HDCKD ferritin <500 pg/L and TSAT <30% HDCKD: IV
<11.5g/dL (5-12yr), Children with CKD ferritin <500 pg/L and Children: oral
<12.0(12-15yr) TSAT<30%
NICE Hb<11 g/dL, 10.5g/ NDCKD ferritin <100 pg/L ND NDCKD: oralorIV  +1-2 g/dL Hb (10-12 g/dL), ferritin
(2015)* dL(<2yr) HDCKD ferritin <100 pg/L HDCKD: oralorIV ~ 200-500 pg/L, TSAT >20% or HRC
FID ferritin >100 pg/L and TSAT <20% or Functional ID: IV <6% (unless ferritin is >800 pg/L)
HRC>6%
KDOQI Hb<13.5 g/dL (male), Ferritin <25 pg/L or TSAT <16% Oralor1V Ferritin>100 pg/L and TSAT >20%,
(2006)*°  <12.0 g/dL (female) Hb 11.0-12.0 g/dL during ESA
IBD
ECCO Same as WHO defini- Quiescent disease: ferritin <30 ug/L Active disease: ferritin >100 yg/L  Active disease: IV Normalization Hb or improvement
(2015)*"  tion Active disease: <100 pg/L and TSAT <20% ororal QoL
IWGIBD Sameas WHO defini- Quiescent disease: ferritin <30 pg/L and ND IVroute is preferr-  Normalization Hb or improvement
(2007)*  tion TSAT<16% edinIBD QoL ferritin >100-800 ug/L, TSAT
Active disease: <100 pg/L and TSAT <16% 16%-50%
Others
NCCN Hb<11 g/dL or 22 g/ Possible: ferritin >500-800 pg/Land TSAT<50% ND Functional: IV Functional: Hb 10-12 g/dL
(20200  dLbelowbaseline  Functional: ferritin 30-500 ug/L and TSAT <50% Absolute: oralor  Absolute: >12 g/dL
Absolute: ferritin <30 pg/L and TSAT <20% v
ESMO Hb 10-11 g/dL ND Ferritin <100 pg/L and TSAT v Hb>12 g/dL
(2018)** <20%
NATA Hb <13 g/dL (male), ND Ferritin <30 pg/Land/or TSAT<20% Orla or IV ND
(2011*)  <12.0 g/dL (female) Functional or CKD: ferritin 30-100

pg/Land/or TSAT <20%

ID, iron deficiency; IDA, iron deficiency anemia; WHO, World Health Organization; Hb, hemoglobulin; BC, British Columbia; ND, nonhemodialysis; AAFP, American
Academy of Family Physicians; MCV, mean corpuscular volume; IV, intravenous; BSH, British Society for Haematology; ESC, European Society of Cardiology; ACCF/
AHA, American College of Cardiology/American Heart Association; TSAT, transferrin saturation; CKD, chronic kidney disease; KDIGO, Kidney Disease: Improving
Global Outcomes; NDCKD, not on hemodialysis chronic kidney disease; NICE, National Institute of Health and Care Excellence; KDOQI, Kidney Disease Outcomes
Quality Initiative; HDCKD, in hemodialysis chronic kidney disease; FID, functional iron deficiency; HRC, hypochromic red cell; ESA, erythropoiesis-stimulating agents;
IBD, inflammatory bowel disease; ECCO, European Crohn”s and Colitis Organization; IWG, International Working Group; QolL, quality of life; NCCN, National
Comprehensive Cancer Network; ESMO, European Society for Medical Oncology; NATA, Network for the Advancement of Transfusion Alternatives.
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Serum iron concentration is decreased in both ID and
inflammatory conditions; therefore, it alone cannot be
an indicator of ID.” TSAT is useful for defining plasma
iron availability. Many guidelines recommend TSAT as a
diagnostic or therapeutic tool when ferritin levels are un-
reliable, with a level of <16% in normal cases and <20%
in cases with inflammatory conditions serving as the dia-
gnostic criteria for ID (Table 2). Traditionally, the diagnostic
cutoff values for ID in patients with CID are TSAT <20%
and serum ferritin <100 pg/L as recommended in many
guidelines. However, several studies have shown that these
criteria are insufficiently sensitive to detect ID in patients
with CID.*® In a study of 100 patients with CKD (stages
3-5), these indices identified only 17% of patients with ID,
whereas approximately 50% of these patients were deemed
iron-deficient based on the gold-standard diagnostic me-
thod of bone marrow iron staining.*® Therefore, it is neces-
sary to consider alternative diagnostic methods to confirm
iron storage depletion in patients with CID.

Among the diagnostic methods that are not widely used
but are used as complementary tests, soluble transferrin
receptor levels, and the log ferritin ratio are useful biomark
ers for predicting bone mass iron stores.?” Reticulocyte
hemoglobin content and hypochromic red blood cell per-
centage are useful diagnostic tools for detecting ID.*” In
addition, serum hepcidin levels are decreased or unde-
tectable in ID but markedly increased in ID during inflam-
mation, providing a useful test for differentiation.?

Clinical importance of ID in children

Representative manifestations of ID include constitu-
tional symptoms such as fatigue, lethargy, dizziness, and
poor concentration, although ID can also be asymptomatic.
The main symptoms and complications are summarized in
Table 3. In addition, clinical and functional impairments
can occur even in the absence of anemia. Therefore, the
screening of target groups and appropriate treatments are
needed.

1. Neurodevelopmental deficits
Iron plays an important role in brain and cognitive de-

Table 3. Clinical manifestations of iron deficiency or anemia

velopment.? Brain development accelerates in the 3rd tri-
mester of pregnancy, for which sufficient iron is required.
ID during this period can result in neurological and cogni-
tive deficits, delayed motor development, deficits in audi-
tory memory and learning, and emotional disorders.*®
Although it remains unclear precisely which areas of the
brain are affected by ID, several studies have suggested that
ID impairs energy metabolism and affects hippocampal
neuron development.®® Other neurodevelopmental proce-
sses known to be disrupted by ID include myelination,
dendriogenesis, synaptosis, and neurotransmission.”

In children, ID leads to delayed cognitive, motor, atten-
tion, and memory deficits; visual and auditory deficits; de-
creased school performance; and/or behavioral disorders,
some with persistent long-term effects. In adolescents, ID
can lead to decreased psychomotor skills and concentration,
thereby affecting school performance. The relationship
between attention-deficit/hyperactivity disorder (ADHD)
and ID has been suggested in several studies.’” First, the
ferritin levels of children with ADHD were reportedly
lower than those of children without ADHD, and ADHD
symptoms improved with iron supplementation.*” Second,
it been hypothesized that ID may cause dysregulation of
central dopaminergic neurotransmission, a pathological
cause of ADHD.*"

In addition, breath-holding spells increase in ID, and
the frequency of which decreases with iron therapy.*? RLS
is a relatively common neurological disorder associated
with ID. An association between iron metabolism and do-
paminergic neurotransmission disorders in the striatum,
the presumed cause of RLS, has been suggested in animal
models.*? In addition, 2 genes (MEIS1 and BTBD9) were
identified in a genomic analysis related to RLS that appears
to affect both the expression of periodic limb movements
during sleep and iron homeostasis.*? For this reason, the
International Restless Legs Syndrome Study Group re-
ported iron supplementation when ferritin levels are <50

pg/LA

2. Dysregulation of immune and respiratory systems
Iron is essential for the immunosurveillance systems

as well as tissue proliferation, such as the intestinal epith-

elium, which serves as a physical barrier to infection.*® In

Iron deficiency
Common

Exceptional fatigue, reduced mental awareness, poor concentration, hair loss, muscle and joint pain, edema, shortness of breath, loss of initiation, memory
lapses, difficulties finding word, depression, anxiety, cold hands and feet, restless legs syndrome, sleep disturbance, abnormal menstruation, dry skin,
pruritus, dysphagia, loss of appetite, attention-deficit/hyperactivity disorder, irritability, breath-holding spell

Less common

Rash, abdominal symptoms, dysesthesia, weight loss, visual disturbances, blurred vision, muscle cramps, pale skin, pica, nail clubbing, Plummer-Vinson syndrome

Anemia

Dyspnea on exertion, tachycardia, palpitations, cardiac murmur, angina pectoris, heart failure, pallor, headache, tinnitus, vertigo, syncope, stroke
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addition, iron status directly impacts innate immunity and
indirectly impacts adaptive immunity.*”*® Therefore, iron
homeostasis is important for the normal development of
the immune system and immune cell differentiation.

Macrophages are the primary cells for iron transmission,
distribution, and mobilization; therefore, ID status directly
impacts innate immunity.*”*” ID reduces the distribution
capacity of macrophages, leading to a transition toward a
proinflammatory phenotype and low-level inflammation
with decreased production of macrophage inhibitory fac:
tors.*7*) ID also causes a shift in monocytes and decreases
monocyte phagocyte activity in patients with IDA.*® The
development, proliferation, activation, and function of
neutrophils and natural killer cells are also reportedly af
fected by ID.*® For example, myeloperoxidase activity is
reduced, and intracellular bactericidal activity may be im-
paired in patients with ID.#-5)

Second, ID interferes with adaptive immunity to a rela-
tively low degree. ID reduces the counts of T lymphocytes,
affects their differentiation, and reduces CD4+ and CD8+
T-cell numbers in the circulation, or it alters the proliferation
of T helper (Th)-1 and Th-2 subsets. T-cell activation is
controlled by TFR1 (CD71)-mediated iron uptake via an IL-
2-dependent pathway. Therefore, TFR1 mutations can lead
to defects in iron endocytosis and T-cell dysfunction, which
can result in combined immunodeficiency diseases.**%?
The lack of iron contributes to downregulation of the
antibody response. Recent studies reported that serum iron
levels affect antibody formation following vaccination.>
In addition, although controversial, another study demon-
strated that the concentrations of immunoglobulin G sub-
groups are reduced in patients with ID.5%

Other studies suggested that these immunological im-
pairments are due to the dysregulation of IL and other
cytokines (e.g., IL-6, IL-2, TNF-a, IFN-y, and IL-10) in
patients with ID.*-*Y In particular, serum IL-6 level was
significantly lower in patients with ID, and T-cell dysfunc-
tion may be the result of low cytokine activity.> In addition,
impaired IL-2 production by lymphocytes was observed in
children with ID.>®

ID is associated with several immune diseases and af
fects host susceptibility to infection. In particular, ID is a
risk factor for the development of recurrent respiratory tract
infections and has been associated with several lung diseases,
such as chronic obstructive pulmonary disease, lung cancer,
cystic fibrosis, idiopathic pulmonary fibrosis, and asthma.”
Several studies have shown that lower respiratory tract in-
fections occur more frequently in the presence of ID, a risk
that is significantly reduced by iron supplementation.”®
Furthermore, the observed risk could be due to the low
oxygen-carrying capacity in the pulmonary vasculature and
parenchyma that leads to a low level of protection against

invading pathogens.®® Other studies reported an association
between low serum iron levels and abnormal lung function
with increased high and small airway resistance.> Moreover,
several studies reported that urinary tract infections, intensive
care unit—acquired infections, postoperative infections, and
otitis media are more common in patients with ID.*0)

3.Impact on CID

Multifactorial ID causes are common comorbidities in
patients with CID. ID is a comorbidity that exacerbates the
underlying disease and increases mortality rates.

One study identified ID in 56% of pediatric patients with
heart failure, and ID was associated with an increased risk
of ventricular assist device implantation, heart transplan-
tation, and death. In addition, this study suggested that ID
resulted in a significantly shorter time of onset for these
composite adverse events.”” Another pediatric cohort
study reported that low serum iron levels were associated
with inpatient hospitalization, inotropic medication use, or
worse heart failure severity, while low ferritin levels were
associated with increased mortality rates.’® These studies
suggest that ID may be an actionable biomarker and a po-
tential new therapeutic target in the field of pediatric heart
failure. In addition, the use of anemia alone as the threshold
for treating ID may be insufficient, thereby prolonging
compromised tissue function and delaying treatment ini-
tiation.®®®V Other studies argued that ID is a poor prognostic
factor for heart failure, even in the absence of anemia.®?
Therefore, routine and repeated screening for ID at the time
of diagnosis and every 3—6 months thereafter should be
performed in pediatric patients with heart failure.®”

ID is a major complication in pediatric patients with CKD.
The prevalence of ID in patients with CKD is as high as 85%
and increases as CKD progresses.®” In a Korean cohort study
of children with CKD, the disease history, systolic blood
pressure, and presence of comorbidities were significantly
higher in patients with versus without ID.%® In this cohort
study, ferritin levels increased with increasing CKD stage,
whereas transferrin levels did not change. This suggests
that ferritin levels can be increased by both inflammation
and ID in pediatric patients with CKD.%® Unlike heart fail-
ure, many CKD-related guidelines focus more on anemia
than on ID.2*?» However, ID plays an essential role in
anemia in patients with CKD. This is due to both a lack of
iron storage (absolute ID) and relative (functional) ID: The
chronic inflammatory state in CKD reduces erythropoiesis
in the bone marrow, reduces EPO production in the kidney,
and increases hepcidin production in the liver, thereby
inhibiting iron absorption from the gut and its release from
iron-storing cells.*#® Increased levels of proinflammatory
cytokines such as IL-6 and TNF-a affect this mechanism.®®

The prevalence of ID is reportedly as high as 80%—90%
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in patients with IBD.'"® The mechanism involves chronic
blood loss in the gastrointestinal tract, impaired iron
absorption in the intestine, and chronic proinflammatory
cytokines that block iron transport and increase hepcidin
production.? Although ID can be more easily corrected
before anemia occurs, IBD treatment also focuses on evi-
dence of anemia.®® Additionally, patients with IBD are
generally not treated appropriately for ID during disease
activation, and the ID status usually does not recover even if
remission is achieved. However, even in patients with IBD,
iron replacement therapy for ID without anemia improves
the quality of life.?”

Current issues in the treatment of ID

The treatment for IDA, as well as ID, is iron supplemen-
tation. Treatment should always be initiated when a precise
laboratory diagnosis is established. Appropriate nutritional
recommendations and corrections for ID-causing diseases
are also necessary.

1. ID without complex condition

There is evidence that all patients diagnosed with ID,
especially those who are symptomatic, should be adequately
treated with iron, even in the absence of anemia.’” Clini-
cally, iron intake in patients with non-anemic ID reduces
fatigue self-scores.®® Iron also improves maximal exercise
performance and aerobic capacity.®” Another review show-
ed that iron supplementation reduced RLS/periodic limb
movement disorders.”” Iron supplementation improved
cognitive performance in children aged 5-12 years and
improve verbal learning and memory in adolescent girls

aged 13-18 years.”-”?

Most guidelines recommend oral iron therapy as first-line
treatment, even in children, owing to its effectiveness, ease
of administration, and low cost. Ferrous sulfate, fumarate,
gluconate, ascorbate, lactate, succinate, and glycine sulfate
are typically used as oral iron supplements. One or 2 doses
of iron at a total daily dose of 3—6 mg/kg are adequate; the
maximum dose is 150—200 mg of elemental iron.” Ideally,
oral iron should be administered for at least 3 months to
completely replenish iron stores, defined as reaching a
serum ferritin level =50 ng/mL. However, common side
effects such as epigastric discomfort, nausea, diarrhea, and
constipation, which are not severe, are reported in 30%—
70% of cases of iron supplementation.” For these reasons,
drug compliance is poor or treatment fails, and iron sup-
plementation can be administered intravenously. The indi-
cations for parenteral iron therapy are shown in Table 4.

2. ID with complex condition(s)

Parenteral iron is recommended as the primary treatment
for many cases of ID with complex medical conditions. Oral
iron therapy is ineffective in chronic diseases because it
increases hepcidin synthesis owing to inflammation and
blocks the absorption of oral iron by enterocytes.®

For patients with heart failure, effort is required to re-
duce the readmission rate, which is directly related to mor-
tality. Several studies have demonstrated that reducing the
incidence of ID can reduce hospitalization and treatment
costs for patients with heart failure.” In addition, the most
common comorbidity in heart failure is ID, which is relatively
easy to diagnose, and its treatment is simple and effective.””
Therefore, the early identification and treatment of ID have
been suggested in many heart failure guidelines.?>” The 2021

Table 4. Indication and contraindication for parenteral iron therapy in children®?

Indication

First-line

Chronic inflammatory bowel disease (active disease or hemoglobin < 10 g/dL) or situations with proven malabsorption

Chronic kidney disease on hemodialysis or with ESA treatment

Chronic bleeding with a uncorrectable etiology, where oral therapy is insufficiently effective or contraindicated

*Heart failure (systolic, NYHA class II-IV)

Iron-refractory iron deficiency anemia (with transmembrane serine protease 6 mutation)

Second-line

Failure to achieve correction of IDA after well-conducted oral iron substitution, in the setting of good adherence

Confirmed malabsorption or chronic oral iron intolerance, including the category of children with severe neurological/ neurodevelopmental impairments

leading to feeding limitations
Contraindication
Presence of an active/acute infection
Personal history of drug anaphylaxis/allergy
Tractable comorbidity explaining the signs and symptoms

Adesire to increase school/academic or sports performance in the absence of laboratory tests confirming IDA

ESA, erythropoiesis-stimulating agents; IDA, iron-deficiency anemia; NYHA, New York Heart Association; IDA, iron deficiency anemia
“The use of ferric carboxymaltose has not been assessed in pediatric patients; therefore, treatment with ferric carboxymaltose is not recommended for children

aged <14 years.
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European Society of Cardiology guidelines recommended
that intravenous iron therapy be considered in patients with
chronic heart failure (left ventricular ejection fraction <45%)
and ID (defined as ferritin <100 pg/L or ferritin 100—300 pg/L
with TSAT <20 %).2” The American College of Cardiology and
American Heart Association guidelines also recommend
intravenous iron therapy for adult iron-deficient patients
with heart failure.?” In pediatric patients with heart failure,
the role of intravenous iron therapy was emphasized in
a recent study that revealed the poor efficacy of oral iron
replacement therapy.”

Almost all patients with CKD suffer from absolute and
functional ID via various mechanisms; consequently, pa-
renteral iron produces higher results and requires a greater
reduction of the required doses of EPO agents than oral iron
in patients with CKD.®+® TSAT and ferritin levels suggest
that the start or end of treatment varies among guidelines
(Table 2). In CKD, absolute ID is defined as a TSAT <20%
and ferritin <100 mg/L in patients not on hemodialysis
(NDCKD) or <200 mg/L in hemodialysis (HDCKD) pati-
ents. Functional ID was defined as a TSAT <20% and a
ferritin >100 mg/L in patients with NDCKD or >200 mg/L
in patients with HDCKD.” The Proactive IV Iron Therapy
in Hemodialysis Patients study was a randomized con-
trolled trial of more than 2,000 patients in which the
administration of high-dose (400 mg) intravenous iron to
dialysis-dependent CKD patients with ID (serum ferritin
<700 pg/L and TSAT <40%) reduced all-cause death, non-
fatal myocardial infarction, nonfatal stroke, and heart
failure hospitalization rates.”® The clinical benefits of iron
supplementation in CKD patients are presented in Table 5.
However, although many studies have shown the safety of
intravenous iron, there are limitations regarding whether
it is safer than oral iron supplementation, especially in
patients without dialysis.®

Although the correction of iron status in IBD patients is
known to significantly improve quality of life, >50% of ID
patients, even those with anemia, do not receive adequate
iron treatment.’”? A systematic review found that, in pa-

Table 5. Clinical benefits of supplement of iron in patient with
CKD

Clinical benefit

CKD not on dialysis CKD on dialysis

Reduction of congestive heart failure Limited Improved
Reduced occurrence of myocardial Limited Improved
infarction
Improved quality of life Not studied Limited
Reduced occurrence of fatigue Not studied Limited
Improved cognitive function Not studied Limited
ESA dose reduction Improved Improved
Reduced blood transfusions Limited Improved

CKD, chronic kidney disease; ESA, erythropoiesis-stimulating agents.
Adapted from Babitt et al. Kidney Int 2021;99:1280-95.””

tients with IBD, parenteral iron improved the hemoglobin
concentration more than oral iron with no serious adverse
events.”” Since oral ferrous supplements are oxidized in
the gut, they form activated hydroxyl radicals and affect
the mucosa, exacerbating gastrointestinal symptoms such
as nausea and pain in patients with IBD.”® A recent study
conducted in Switzerland also reported that intravenous
iron featured less withdrawal due to adverse events than
oral iron, demonstrating a good effect; among the admi-
nistered irons, ferric carboxymaltose was the most cost-
effective.”” A similar finding was reported in children with
IBD; both ID and IDA resolved after intravenous iron infu-
sion without serious side effects, and no C-reactive protein
elevation was observed.”®

In the 2018 European Society for Medical Oncology
guidelines, absolute ID was defined as a serum ferritin le-
vel <100 pg/L, while functional ID was defined as a serum
ferritin level =100 pg/L and TSAT level <20% in patients
with cancer.” According to the above definition, in the
recently reported CARENFER study, 86%—90% of cancer
patients were diagnosed with ID.2? In addition, this gui-
deline recommends ID treatment as soon as possible
when the ferritin level is <100 pg/L and the TSAT level is
<20% regardless of anemia status.>® In the National Com-
prehensive Cancer Network guidelines, oral or intravenous
iron administration for absolute ID is always recommended,
and functional ID is considered in cases of treatment
failure. For functional ID, intravenous iron administration
should be considered.>

As for adults, the International Restless Leg Syndrome
Study Group task force recommends that intravenous iron
be considered for RLS or periodic limb movement disorder
in children.*® In a pediatric patient analysis report, intra-
venous iron supplementation improved the clinical severity
and laboratory parameters of RLS and periodic limb move-
ment, and the treatment was well-tolerated.®? The target of
iron therapy in pediatric sleep disorders is a serum ferritin
level =50 pg/L.*>

Conclusion

Over the past few decades, global awareness has increas-
ed of anemia and its consequences on children’s health
and development. Accordingly, it is now time to increase
interest in and awareness of ID. Global awareness should be
changed to consider ID a disease itself rather than simply a
category of malnutrition or cause of anemia. ID is a common
and treatable disease that is often overlooked. Therefore,
along with improving its recognition of ID, presenting
improved guidelines for its diagnosis and treatment will be
a shortcut to improving the quality of life of many children
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worldwide, especially those with chronic diseases.
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