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Abstract

In a two-part process, we assessed elements of the principal hormonal pathway regulating iron
homeostasis in human neonates. Part 1: Quantifying erythropoietin (Epo), erythroferrone (ERFE),
hepcidin, and relevant serum and erythrocytic iron-related metrics in umbilical cord blood from
term (n = 13) and preterm (7= 10) neonates, and from neonates born to mothers with diabetes
and obesity (n = 13); Part 2. Quantifying serum Epo, ERFE, and hepcidin before and following
darbepoetin administration. Part 7: We measured Epo, ERFE and hepcidin in all cord blood
samples. Epo and ERFE levels did not differ between the three groups. Preterm neonates had the
lowest hepcidin levels, while neonates born to diabetic women with a very high BMI had the
lowest ferritin and RET-He levels. Part 2. Following darbepoetin dosing, ERFE levels generally
increased (p < 0.05) and hepcidin levels generally fell (p < 0.05). Our observations suggest that the
Epo/ERFE/hepcidin axis is intact in the newborn period.
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Introduction

Iron deficiency in newborn infants can result in substantial and persistent neurocognitive
dysfunction [1-3]. Consequently, efforts are needed to prevent, or to promptly and
adequately treat, neonatal iron deficiency [4,5]. Enteral iron supplementation will not always
prevent or treat neonatal iron deficiency: the success of enteral iron dosing depends, in part,
on the integrity of the patient’s iron homeostatic mechanisms. Those mechanisms are well
described in adults, but little is known about them in neonates [6-9].

The iron-regulatory hormonal axis includes erythropoietin (Epo), erythroferrone (ERFE),
hepcidin, and ferroportin. In brief (Fig. 1) when Epo binds to cognate receptors on

the surface of erythroid progenitors, erythrocytic clonal proliferation occurs. The Epo-
stimulated erythroid progenitors rapidly produce ERFE and ERFE blood levels consequently
rise [10]. High circulating levels of ERFE suppress hepcidin production by the liver

[11]. Elevated hepcidin levels trigger degradation of ferroportin, the iron exporter, thereby
inhibiting absorption of enteral iron and preventing mobilization of iron from storage
[12,13]. In contrast, low hepcidin levels (seen with high ERFE levels) foster absorption

of enteral iron through ferroportin-mediated iron transport [12-14].

Assessing the integrity of this axis in neonates could fill a knowledge gap important to
understanding perinatal iron biology. Immaturity or disruption in this axis with different
disease states (such as preterm birth or maternal diabetes/obesity) might be mechanistically
involved in iron deficiency in some neonates, and might be responsible for failure of enteral
iron supplementation to adequately prevent or treat iron deficiency in others.

As a step toward filling this knowledge gap we performed a pilot study to quantify the
serum levels of these regulatory molecules, along with iron, ferritin, and CBC parameters
that reflect iron-limited erythropoiesis. We also assessed whether, after administering
recombinant erythropoietin (darbepoetin) to neonates, their blood levels of the iron
regulatory molecules change in the pattern seen in adults, thereby fostering an increase
in absorption of enteral iron.

Materials and methods

The protocol was approved by the Institutional Review Board of Intermountain Healthcare
and the study was performed in accordance with the Declaration of Helsinki. For the first
part of the study, umbilical cord blood was drawn at birth using a deidentified approach,
recording only whether the sample was from a healthy term delivery (=37 weeks), a healthy
preterm delivery (28-32 weeks), or from a pregnancy complicated by both obesity (BMI >
30) and diabetes (type 1, type 2, or gestational). “Healthy” was defined as the absence of
maternal diabetes and maternal obesity in a normally grown neonate (birth weight 10 — 90th
percentile [15]).

For the second part of the study, parents of NICU patients provided written informed
consent for their child’s participation. Neonates were eligible for the study if they had an
order from their clinical provider to receive darbepoetin at a dose of 10 micrograms/kg
body weight. After obtaining parental consent, and within 24 h before the subcutaneous
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darbepoetin was given, blood was obtained to measure ERFE and hepcidin levels. Then,
within a 24 to 72 h “window” following the darbepoetin dose, ERFE and hepcidin levels
were repeated. Research nurses attempted to time this phlebotomy for when a clinically-
ordered phlebotomy was needed, so as to reduce venipuncture for study only. Patient serum
was transferred to a cryotube, labeled, and stored at —80 °C until the collection of all
specimens was completed for batch-analysis.

Hepcidin and ERFE levels in serum were determined using Intrinsic Lifesciences Hepcidin
IDx™ or Erythroferrone IE™ ELISA Kits according to the manufacturer’s directions
(Intrinsic Lifesciences, La Jolla, CA) [16]. Erythropoietin levels in cord blood serum

were determined using the Human EPO/Erythropoietin ELISA kit according to the
manufacturer’s directions (Sigma-Aldrich, St. Louis, MO). The CBCs were performed

on Sysmex analyzers (Sysmex Americas, Inc., Lincolnshire, IL) in the Intermountain
Healthcare clinical laboratory. Sysmex quality control procedures were performed daily

as recommended by the manufacturer. Serum iron, serum ferritin, and total iron binding
capacity were also performed by the Intermountain Healthcare clinical laboratory using
standard operating procedures.

Study data were entered into REDCap for workflow and analysis. The gestational age field
was populated by information from the infant’s medical record. All statistical analyses were
done using the R statistical language and environment (R Foundation, Vienna, Austria).

3. Results

3.1.

Umbilical cord blood

Features of the three groups of neonates are summarized in Table 1. The healthy term
neonates and those born to obese/diabetic mothers were of similar gestational age and birth
weight. Preterm infants were (by design) of earlier gestational age and consequently of
lower birth weight than the other two groups. Mother’s BMIs were similar in the healthy
term and the healthy preterm groups, but higher in those born to obese/diabetic mothers.

Compared with the healthy term neonates, the groups born to obese/diabetic mothers or born
prematurely had low serum iron levels. Ferritin levels were lower in the preterm than the
term group. Among those born to obese/diabetic mothers, ferritin levels varied widely and
were not parametrically distributed. Two neonates had levels less <10 ng/mL, had the lowest
RET-He values, and were born to the mothers with the highest BMI values. The preterm
group had higher MCV, MCH, reticulocyte count, and RET-He values than did the other
groups.

All three iron-regulatory hormones were detected in umbilical cord blood samples. Hepcidin
levels were lower in the preterm group than the term group. Fig. 2 compares umbilical cord
blood Epo, ERFE, and Hepcidin values in the three groups. Serum hepcidin levels had a
moderately strong correlation with serum ferritin levels (Pearson correlation r=0.760; 95%
C.1. 0.545-0.881; Fig. 2 panel D).
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3.2. Before and after darbepoetin administration

Features of the darbepoetin recipients are shown in Table 2. All ten were very low birth
weight (605 to 1460 g) and all had been born prematurely (23 6/7 to 30 3/7 weeks
gestation). In eight of the ten, the darbepoetin dose was followed by an increase in serum
ERFE level (as typically occurs in adult subjects). However, in the two with the highest
ERFE levels before the darbepoetin dose (numbers 1 and 3 in Table 2), the ERFE level
did not increase (also see Fig. 3 panel A). Patient number 1, who had the longest interval
between darbepoetin dose and phlebotomy (141 h), was one of these two (Fig. 3).

In a similar manner, in seven of the ten, the darbepoetin dose was followed by a fall in

serum hepcidin level. However, in the two with the highest ERFE levels and also the lowest
hepcidin levels before the darbepoetin (numbers 1 and 3) the hepcidin level did not fall (Fig.
3 panel B). The hepcidin level also did not fall after darbepoetin dosing in patient eight. That
patient developed pneumonia about the time of the darbepoetin dosing.

Three of the ten (numbers 4, 5, and 10) had pre-darbepoetin hepcidin levels much higher
than the other seven. These three all had evidence of a respiratory infection and were being
treated with intravenous antibiotics at the time of the darbepoetin dosing. Patient 4 (hepcidin
212.5 ng/mL) required mechanical ventilation and was treated with cephalexin for alpha
hemolytic streptococci from a tracheal aspirate accompanying respiratory deterioration.
Patient 5 (hepcidin 125.0 ng/mL) required mechanical ventilation and was being treated
with ampicillin and gentamicin for presumed infection and an elevated CRP (1.4 mg/dL).
Patient ten (hepcidin 178.7 ng/mL) was on mechanical ventilation treated with cephazolin
for methicillin-sensitive Staphylococcus aureus respiratory infection.

4. Discussion

Iron sufficiency during the neonatal period is important for erythropoiesis, mitochondrial
respiration, nucleic acid replication, immune function, and brain development [17]. Iron
sufficiency is particularly crucial for neonates receiving treatment with recombinant Epo,
because inadequate iron availability during accelerated erythropoiesis can deplete iron stores
and precipitate multi-organ iron deficiency [18]. Moreover, due to the prioritization of iron
stores to support erythropoiesis over the iron needs of other organs, it is possible that even
moderate iron limitation could result in deficient brain iron [19]. Neonatal animal models
suggest that deficient brain iron can cause neurological damage that persists even after

the iron deficiency is corrected [20]. Consequently, avoiding iron deficiency in neonates
who are receiving erythropoietin treatment is an important facet of assuring their optimal
neurodevelopment.

In general, iron supplementation is provided to neonates in the form of enteral ferrous
sulfate, or as part of a preparation of enteral multivitamins plus iron [21]. For enteral iron
dosing to be effective, molecular iron in the bowel lumen must enter the circulation through
ferroportin-mediated iron export from the basal surface of enterocytes [22]. Hepcidin is

a key determinant of enteral iron absorption. Specifically, high levels of hepcidin bind

to and degrade ferroportin, thereby impeding enteral iron absorption, while low levels

of hepcidin have the opposite effect, promoting absorption of enteral iron. Consequently,
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appropriate regulation of the hepcidin level is critical to the success of enteral iron therapy in
maintaining iron sufficiency.

The hormonal pathway regulating the hepcidin level after recombinant Epo dosing

(or increased endogenous Epo production) is sometimes termed the erythropoietin-
erythroferrone- hepcidin axis. The pilot data in our present study suggest that this axis

is intact in most neonates. Specifically, the relevant hormones are present in cord blood in
concentrations consistent with iron status, and after Epo dosing their serum levels change
in the pattern described in adults [23]. Namely, cord blood hepcidin is lower in infants
with evidence of low iron status (low ferritin and low iron). In most of the infants, after
administering darbepoetin (a long-acting erythropoietin), ERFE increased and hepcidin
decreased. This information generates some level of assurance that following recombinant
Epo administration to neonates, their absorption of enterally administered iron should
increase, thereby increasing their circulating iron levels.

We caution that our pilot data does not guarantee that enteral iron will be absorbed
sufficiently well in all treated neonates so as to prevent iron deficiency. In fact, three

recent reports indicate that iron deficiency can indeed develop in neonates during treatment
with Epo despite enteral iron administration. Siddappa et al. followed a cohort of 116
extremely low birth weight (<1000 g) neonates who were receiving Epo three times per
week. Additional iron was given if serum ferritin levels were low, yet 60% of the neonates
had ferritin levels that fell to <75 mg/mL [18]. A low serum ferritin (<50 ng/mL) was
present in 38% of Epo and Darbe recipients compared to 6% of placebo recipients in our
previous randomized placebo controlled trial [24]. Despite the increased numbers of infants
with low ferritin in the Epo and Darbe group, cognitive outcomes were significantly better in
the Epo/Darbe group than the placebo group, underscoring the need to identify optimal iron
dosing with Epo or Darbe therapy [25]. Recently, our group reported that iron deficiency,
defined as a RET-He <25 pg, is present in 25% of neonates treated with darbepoetin and
iron [26-28]. Similarly, in the PENUT trial, Epo treatment of neonates <28 weeks gestation
significantly reduced red cell transfusions, however 38% of the Epo recipients dropped their
ferritin level below 75 ng/mL [29,30]. Thus, clearly some neonates treated with Epo and
enteral iron do not absorb sufficient iron to prevent iron deficiency. Perhaps in some of the
Epo-treated neonates with impending iron deficiency, further increasing the enteral iron dose
would be sufficient. However, if any have a high hepcidin level (due either to inflammation
or disrupted regulatory mechanisms) increasing their enteral iron dose could fail because
iron absorption is inhibited.

Murine experiments by Sangkhae et al. showed that high maternal hepcidin levels caused
fetal iron deficiency anemia and severe growth restriction of the placenta and fetus.
Moreover, the brains of fetuses with iron deficiency due to high hepcidin contained less
iron and were significantly smaller than normal, suggesting that the fetal murine brain is
particularly sensitive to decreases in the iron supply [8,9]. We previously reported higher
than expected serum hepcidin levels in iron deficient mothers who delivered iron deficient
neonates [31]. Similarly, Fisher et al. found elevated cord blood hepcidin levels, and low
cord blood iron, when mothers had intraamniotic infections [32].
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We recognize that the preliminary nature and small sample sizes of our pilot data require
confirmation before conclusions are certain. However, our findings suggest an intact iron
regulatory axis in the majority of neonates. There are clinical scenarios in neonates where
this regulatory axis could inhibit adequate iron absorption. For example, hepcidin levels can
increase during infection and inflammation, thus iron deficient infants with infections might
not absorb enteral iron well. Indeed, we observed high hepcidin levels in three subjects with
respiratory infection. There appears to be a strong effect of infection and/or inflammation
on hepcidin regulation in neonates. We wonder whether it would be informative to measure
hepcidin levels in neonates when increasing doses of enteral iron appear to be ineffective

in correcting their iron deficiency. Perhaps intravenous iron dosing should be considered for
neonates who have a high hepcidin level but require supplemental iron. We are currently
conducting studies to evaluate that approach, with the goal of achieving iron sufficiency in
all NICU patients.
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Fig. 1.
Schematic representation of the erythropoietin (EPO), erythroferrone (ERFE), hepcidin,

ferroportin (Fpn) axis, as it pertains to the regulation of intestinal iron absorption. High EPO
levels (1) stimulate erythroblasts to produce ERFE (2). High ERFE levels reduce hepcidin
production in the liver (3). Low hepcidin levels facilitate absorption of enteral iron through
ferroportin (4). Modified from Ganz et al. [23].
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the paired before vs. after darbepoetin administration.
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