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F
or the last 25 years, the American Academy of Pediatrics (AAP) has endorsed the use of iron-fortified infant formulas,
noting “no role for the use of low-iron formulas.” The rationale for these policies was the recognition that the increase in
the use of iron-fortified formulas, accounting for 80% of all formula sold in 1985, was responsible for the declining prev-

alence of iron-deficiency anemia in US infants.1 These recommendations were also based on the absence of evidence of discern-
ible adverse effects. Controlled trials had reported no differences in gastrointestinal symptoms, such as colic, constipation,
diarrhea, regurgitation, and fussiness, among infants receiving low-iron vs iron-fortified formulas.2,3 Likewise, evidence was
lacking to support another theoretical concern of clinically significant interactions with other micronutrients, specifically
zinc and copper. In 1999, the AAP took an even stronger stand and recommended that low iron formulas be removed from
the market entirely,4 for reasons similar to those of the 1989 policy. Further, it was recommended that the minimum iron con-
tent for all term infant formulas be at least 4 mg/L.4 Currently, standard, term infant formulas on the market are all iron-
fortified and contain 4-12 mg/L of iron, even though there are some regional differences. In the US, the AAP recommends
that infant formulas have an iron content of 10-12mg/L5; in Europe, the European Society for Pediatric Gastroenterology, Hep-
atology, and Nutrition recommends 4-8 mg/L.6

In the recommendations, the contrast in the iron exposure of formula-fed infants vs breastfed infants has primarily focused
on the better bioavailability of the iron in breast milk. Although an absorption efficiency of approximately 50% is often quoted,
some studies have actually reported absorption in the range of 12%-16%,7,8 making that bioavailability distinction much less
potent. This also suggests that absorption of substantial amounts of dietary iron simply is not critical during the early months of
life in healthy infants of normal birth weight. Among all the compositional differences between human milk and formula, the
differences in iron content are the most extreme. Virtually all mammalian milks are low in iron, with the exception of rodents,
in which postnatal growth is extremely rapid. It seems implausible that this conserved biological pattern is without purpose. It is
also clear that iron deficiency occurs in breastfed infants only after the very early months of life. The practical challenge is to
identify when the birth iron endowment is exhausted, at which point the infant needs a source of iron from the diet.

This article will discuss the potential advantages of a low iron intake for the infant and the potential adverse effects of dras-
tically altering this, especially in the first 6 months of life. From the outset, two realities must be acknowledged. First, iron defi-
ciency (especially without anemia) in infants remains common, particularly in high-risk groups, including older normal
breastfed infants and premature and/or in low birth weight infants. Whether this mild iron deficiency has adverse effects on
development is not known. Second, research on potential adverse effects of early and excessive iron exposure is limited, and
the evidence base for caution is suggestive but not yet demonstrated by rigorously designed trials. Thus, this represents an
emerging area of consideration, and, given the advances in understanding of iron metabolism, the interaction between iron
and inflammation, and the importance of early influences on the immature gut and immune system, it is an area that warrants
much stronger scientific investigation.
Mineral Concentrations in Human Milk vs Formula

The iron concentration in early human milk is �0.5 mg/L and declines slightly to �0.2-0.4 mg/L in mature milk.9 Thus,
even with a relatively low level of fortification in infant formula (eg, 4 mg/L), the amount is �10-fold higher. For the
high end of fortification levels (eg, 12 mg/L), the difference is up to 60-fold greater. Thus, typical intakes from formula
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of iron and zinc fortification in formulas are the opposite;
the iron concentration is typically about twice that of
zinc, which is at least 5-7 mg/L, resulting in Zn:Fe of only
0.5. The effects of this difference are unknown but may
be relevant to the effects discussed below.

Potential Adverse Effects of High Iron
Exposure in Early Life

Inflammatory and Oxidative Stress Responses
Iron is recognized as a reactive element; its easy redox cycling
properties contribute to its utility as a biocatalyst in proteins
and as an electron carrier in energy metabolism. It is, howev-
er, a potent pro-oxidant. Under anoxic or anaerobic condi-
tions, free iron can be toxic by the formation of reactive
oxygen species, including superoxide and other free radicals.
Thus, given the “double-edged sword” features of iron—its
essentiality as a nutrient and its potential toxicity—very little
free iron is present in the circulation under normal circum-
stances. The majority of iron is bound as part of the heme
molecule in hemoglobin; the other major pool is storage
iron in the form of ferritin. During transport in the circula-
tion, iron is tightly bound to transferrin.

Growth
Additional iron given to iron-replete infants has been sug-
gested to impair growth. This has been shown in several ran-
domized, controlled studies where iron supplementation
was given to infants after 4 months of age.11-14 However,
this possible adverse effect has not been confirmed in
meta-analyses.15 Only a few studies have compared growth
of infants <4 months of age receiving formulas with different
levels of iron fortification. One small study compared 2 vs
4 mg/L and found no difference in growth between the 2
iron levels or any difference between the formula-fed and
breastfed infants from 1-6 months of age.16 An earlier ran-
domized trial compared two relatively high iron concentra-
tions (7.4 vs 12.7 mg/L formula) from 1-6 months and found
no difference between the two groups, but both groups were
longer and heavier than a concurrent group of breastfed
infants.17

Mineral-Mineral Interactions
Potential interactions among trace minerals were noted in
the 1989 AAP policy statement and are often raised as a
concern for adverse effects of iron fortification and supple-
mentation.18-20 Several investigations have been undertaken
to evaluate this, and, overall, the evidence does not support
a potent adverse effect of iron fortification on either zinc or
copper absorption.21-23 Several investigators have shown
that iron supplements decrease serum or plasma zinc concen-
trations.19,20,24,25 However, plasma zinc, as an index of zinc
status, has low sensitivity, is susceptible to many confound-
ing factors including inflammation, and is not a direct reflec-
tion of absorption. Data on the effects of different levels
of iron fortification in formula have been somewhat conflict-
ing, with very high iron fortification (�14-19 mg/L vs
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1.4-2.4 mg/L) having a depressing effect on plasma zinc con-
centrations in 3- to 4-month-old infants.26

Infections and Gastrointestinal Problems
A frequently cited systematic review of oral iron supplemen-
tation trials reported a modest but statistically significant in-
crease in the risk of developing diarrhea with oral iron
administration, but this review was not specific for or limited
to fortification of formula nor to young infants.27 Recent tri-
als in Pakistan, Ghana, and Kenya28-30 relating iron-
containing micronutrient powders to increased diarrhea,
including severe and bloody diarrhea, also are not within
the scope of this chapter, which concerns infants in
resource-rich countries.
As noted above, the early recommendations for the safety

of iron-fortified formulas, including from birth, were based
on trials undertaken with different levels of fortification.2,3

Gastrointestinal complaints such as constipation, spitting-
up, vomiting, fussiness, or cramping were not different
among infants randomized at birth and continued on forti-
fied (12 mg/L) or unfortified (1.5 mg/L) formulas for
approximately 6-12 weeks.2,3 Both studies concluded that,
in the absence of gastrointestinal signs or symptoms, “there
are few indications for feeding commercially prepared for-
mulas that are not fortified with iron.”2

Relevant to the topic of this article, the gastrointestinal tract
of the young infant is particularly vulnerable to any imbal-
ances that can alter the mucosal barrier function, the matura-
tion of the intraepithelial tight junctions and intestinal
permeability, and the development of the innate immune sys-
tem and a favorable intestinal microbial community. In recent
years, there has been a growing appreciation of the critical
interrelationships of the entericmicrobiome with the host im-
mune system and metabolism and of the influence of diet on
both the compositional and functional features. In particular,
early postnatal life is a time for intestinalmaturation and colo-
nization by the commensal microbiota and the establishment
of immunologic and metabolic programming that may have
long-term consequences. Differences in the enteric micro-
biome between breastfed and formula-fed infants have been
clearly documented.31-33 Generally recognized patterns
include breastfed infants as having higher counts of Bifidobac-
teria and Lactobacillus and lower counts of Bacteroides,
Clostridium coccoides group, Staphylococcus, and Enterobacter-
iaceae than formula-fed infants.34 Breast milk is an important
source of the specific colonization pattern of the infant that
resembles closely the maternal genotypes. Prebiotics, espe-
cially human milk oligosaccharides, are thought to favorably
shape the commensal bacteria of the newborn’s intestinal
tract. In addition to feeding type, mode of delivery, antibiotic
exposure, and environmental factors have been found to in-
fluence the enteric microbiome.34 However, primary determi-
nants of its composition within different nutritional sources
are not yet clear.
The potential impact of iron exposure on young infants’

microbiota has not been investigated in controlled interven-
tional studies. Interest is emerging specifically on the
h Countries S21
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influence of iron exposure on the gut (specifically colonic)
microbiota, and this raises particular theoretical concern for
the potential impact for the young infant when colonization
is rapidly established after virtual “sterility” at birth. A low
iron environment, such as that resulting from exclusive
feeding of human milk, influences intestinal bacterial
growth (ie, fosters growth of Lactobacillus), which is
distinctly not dependent on iron. The initial colonization
pattern following vaginal delivery shows a predominance
of facultative anaerobes E coli and Enterobacteriaceae,
changing in the low oxygen environment in the gut to a
predominance of strict anaerobes, especially Bifidobacte-
rium, Clostridium, and Bacteroides. In contrast, a high intra-
luminal iron enhances both bacterial replication and the
production of virulence factors in pathogenic bacteria.35

The iron in formula that is not absorbed may, in effect,
interfere with the typical progression of colonization.

The low iron content of human milk fosters a “simple” mi-
crobiota and the predominance of commensal bacteria. Illus-
trative of this, in a study reported nearly 3 decades ago,
newborn nonbreastfed infants were randomized to receive
cow milk based preparations with (5 mg/L) and without
(0.5 mg/L) iron fortification, and both groups were
compared with exclusively breastfed infants. Using culture
techniques, the gut flora of the breastfed infants at 3 months
of age comprised predominantly Bifidobacteria, low counts of
E coli, and virtually no other bacteria. Similar patterns were
reported for the unfortified cow milk preparation, except
for a greater frequency of E coli. In contrast, infants receiving
the iron-fortified cowmilk preparation had low counts of Bi-
fidobacteriaceae, high counts of Bacteroides spp and E coli,
and frequent counts of other bacteria.36 Notably, results of
cultures were significantly different among the 3 groups as
early as 1 week of age.37

As noted above, human milk contains several prebiotic
factors, including a range of oligosaccharides. Lactoferrin,
which binds and facilitates the uptake of iron by the enter-
ocyte,38 is also a prebiotic with important functional char-
acteristics that foster a healthy intestinal microbiome.
Lactoferrin binds iron avidly and contributes to the low
iron environment in the gut lumen of breastfed infants. It
is also resistant to proteolysis and present in the stool of
breastfed infants, thus, potentially offering a colonic “mech-
anism” to deprive pathogenic microbes of iron and facilitate
growth of commensals. Lactoferrin also has immunomodu-
latory activity by means of induction of T-helper cells that
protect the young infant against infection.39 Thus, in addi-
tion to the striking difference in iron content of standard
infant formulas compared with human milk, the absence
of lactoferrin and its iron binding effects is another poten-
tial risk factor for gastrointestinal effects, especially in the
young healthy term infant for whom iron status is likely
to be adequate and the drive for absorption of dietary
iron is minimal.

Compared with iron, even less is known about the effects
of other micronutrients on the developing microbiome,
including the role of zinc. In contrast to the low iron content
S22
of human milk and the iron binding capacity of lactoferrin,
the young exclusively breastfed infant is naturally exposed
to a very high zinc intake, of which only about 50% is ab-
sorbed. Besides its effects on intestinal maturation,40 the
high ratio of zinc to ironmay be another factor that promotes
development of a healthy microbial profile for the young
infant and/or protects against invasion by pathogenic organ-
isms. Inhibition of several virulence factors of enteropatho-
gens has been associated with high intraluminal zinc
content, as would be expected in the young breastfed infant.41

This poses a potential adverse effect of the reversal of the bal-
ance of zinc to iron described above resulting from the use of
iron-fortified formula for young infants.

Metabolic and Developmental Impact
One retrospective case control analysis examined the rela-
tionship between feeding mode from birth to 4 months
and the development of type 1 diabetes mellitus (T1DM)
by 1-6 years of age.42 Children who developed T1DM had
significantly higher total iron intake, reflecting consump-
tion of high iron fortified formula. For each SD of increase
in iron intake, the OR for T1DM was 2.0 among all children
and 2.26 when affected children were compared with a sib-
ling control. Several limitations of this study were noted,
including use of retrospective self-reported dietary intake
data and potential bias for feeding choice (breast milk vs
low- and high-iron formula). However, the findings raise
important questions that merit prospective large-scale
studies to investigate the potential causal relationship be-
tween early iron exposure and T1DM, as well as other
autoimmune-based conditions.
The long-term developmental effects of iron exposure dur-

ing infancy were assessed in a 10-year follow-up report of in-
fants randomized at 6 months of age to either a high iron
(12.7 mg/L) or low iron (2.3 mg/L) infant formula.43 Infants
assigned to the high iron formula scored lower on all develop-
mental outcomes tested.44 The findings illustrate the potential
adverse effects of unduly high iron exposure, especially to
those who seemed to be iron replete as would be the case for
the majority of healthy term infants in the first few postnatal
months.

Preterm and Low Birth Weight Infants in
Immediate Postnatal Period

This discussion concerns iron needs primarily of very low
birth weight infants during their hospital stay.45 The
dilemma is that the iron needs of the preterm infant, which
are high, need to be met while at the same time avoiding
unduly high intakes of iron that could potentially overwhelm
the diminished antioxidant defenses of the premature in-
fant.46 Preterm infants are born with lower iron stores than
term infants. In the neonatal period, premature infants typi-
cally incur substantial losses of hemoglobin iron because of
phlebotomy but also often receive red blood cell transfusions
that provide substantial intakes of iron. For these reasons, the
amount of storage iron available to the infant at any given
Krebs, Domell€of, and Ziegler



October 2015 SUPPLEMENT
time is not known. Determination of serum ferritin could
provide this information.47

The amount of iron needed for growth can be estimated by
the factorial method. At birth, the total body iron of the pre-
mature infant is assumed to be 75 mg/kg body weight, the
same as that of the term infant. The physiologic increase in
body iron of the growing premature infant was estimated
by Griffin and Cooke48 to be approximately 0.29 mg/kg/
d at around 32 weeks, rising to 0.37 mg/kg/d close to term,
and declining gradually after term. These estimates serve as
basis for estimating necessary intakes of iron. Absorption of
iron determined by isotope balance in premature infants
averaged 31.5%,49 41.6%,50 and 30%-34%.51 The fact that
the percentage of iron absorption is high despite the docu-
mented or presumed presence of storage iron and that iron
absorption (mg/d) was found to be a linear function of
iron intake52 strongly suggest that the usual mechanism(s)
controlling iron absorption are not (yet) operating in pre-
term infants. It should be mentioned that methods using
red cell incorporation of labels yield substantially lower
values than balance studies, presumably because the initial
dilution of the label into the large body iron pool does not
represent absorption. Assuming an accretion rate of
0.37 mg/kg/d48 and absorption of 30%, the necessary intake
of ion may be calculated as 1.23 mg$kg�1$day�1. A number
of supplementation trials have been performed over the
years45 have shown that iron supplementation improves he-
matologic and other indicators of iron status. In the few
studies that evaluated growth, no effect of iron supplementa-
tion was noted. Cognitive outcome was not evaluated in the
majority of studies.

Adverse Effects
Adverse effects of iron supplementation have been noted
infrequently, although only a handful of studies have specif-
ically looked for adverse effects. Long et al53 found that no
adverse effects of any kind were consistently reported. In a
study by Barclay et al,54 lower erythrocyte superoxide dismut-
ase was noted in the group receiving high iron supplementa-
tion, possibly indicating altered copper metabolism. Braekke
et al55 gave a very high dose (18 mg/d) of iron in the form of
ferrous fumarate to infants with birth weight less than 1500 g.
After 1 week of treatment, there was no change in urinary 8-
isoprostane excretion, plasma total hydroperoxides, and
most plasma antioxidants. Although the period of exposure
was short in this study, the dose of iron was relatively high.

Age at Start of Supplementation
Three studies have compared earlier with later initiation of
iron supplementation. Franz et al56 enrolled 204 infants
with birth weight less than 1300 g and assigned them
randomly to receive iron supplementation starting at
14 days (early iron) or at 61 days (late iron) in a dose of
2 mg$kg�1$day�1. The iron dose was increased to
4 mg$kg�1$day�1 if the hematocrit dropped to less than
30%. Infants in the late iron group needed significantly
more blood transfusions, and a significantly greater
Balancing Benefits and Risks of Iron Fortification in Resource-Ric
percentage of infants had iron deficiency. At 61 days, iron sta-
tus variables did not differ significantly between groups,
probably because the late iron group received a greater num-
ber of blood transfusions. When followed up at 5.3 years of
age, a significantly greater percentage (35%) of children in
the late iron group had neurologic abnormalities than those
in the early iron group (19%).57 Arnon et al58 provided sup-
plemental iron in a dose of 5 mg$kg�1$day�1 in the form of
iron polymaltose complex and compared initiation of sup-
plementation at 2 and 4 weeks. At 8 weeks of age, infants
initiated at 2 weeks had significantly higher hemoglobin
and better iron status than those started at 4 weeks. Infants
started at 2 weeks also needed significantly fewer red blood
cell transfusions than those started at 4 weeks. In a recent
study, Joy et al59 compared initiation of iron supplementa-
tion at 2 weeks and at 6 weeks. At 12 weeks of age, infants
started on iron early showed significantly higher serum
ferritin and better hematologic indicators of iron status. No
differences in growth and clinical outcomes were observed.
In each of the 3 above studies, outcomes were better if iron
was started at 2 weeks than at some later age.

Anemia of Prematurity
It is common practice to increase the dose of supplemental
iron if the hematocrit is low and/or falling. Anecdotal re-
ports indicate that such increasing of iron supplements in
the face of a falling hematocrit is widely practiced despite
the absence of any evidence that the anemia of prematurity
responds to iron intakes greater than 2 mg$kg�1$day�1. On
the contrary, there is good evidence from a randomized
controlled trial that giving iron above what were presumed
to be adequate iron intakes from the diet did not improve
hematologic status at all.60 It is, of course, possible that the
occasional premature infant with low or falling hematocrit
is iron deficient, most likely because of low birth iron
endowment. Such infants clearly need iron supplementa-
tion, whereas the great majority of premature infants with
anemia do not. Increased iron supplementation (greater
than 2 mg$kg�1$day�1) should be reserved for those infants
who show evidence of diminished iron stores. Domell€of61

has suggested that the cut-off should be a plasma ferritin
of 35 mg/mL.
In the aggregate, these trials have shown that without iron

supplementation a high percentage of premature infants
develop iron deficiency. The available evidence leads to the
conclusions that 2 mg$kg�1$day�1 of iron is adequate to pre-
vent iron deficiency in most infants and iron deficiency ane-
mia and that supplementation should start at 2 weeks of age
in very low birth weight infants. The paucity of documented
adverse effects of iron supplements in the face of high risk of
iron deficiency supports routine iron supplementation in
preterm infants during the hospital stay.

Conclusions

For healthy term infants, especially those who had the benefit
of delayed cord clamping, several arguments can be made
h Countries S23
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against the use of iron-fortified formula for the first
3-4 months of postnatal life. First, the dietary iron require-
ment is minimal during this period, and very little exogenous
iron is likely to be absorbed. Second, the unabsorbed iron in
the gut fosters a proinflammatory response in the intestine,
possibly with systemic effects. Third, emerging evidence sup-
ports an adverse effect of iron exposure on the enteric micro-
biome during a very formative stage of development of the
complex relationship between intestinal defenses and host
immune responses. There is growing appreciation of the
role of early immunologic effects, including the enteric
microbiome, on long-term health. This, along with the reality
that a very large percentage of normal infants are formula-fed
and, thus, face iron exposure that diverges markedly from
that of breastfed infants, justifies a more expansive investiga-
tion of potential adverse effects of current iron fortification
practices. n
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