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Iron absorption in breast-fed infants: effects of age, iron status,
iron supplements, and complementary foods'3
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ABSTRACT

Background: Iron supplements are often recommended for
older breast-fed infants, but little is known about factors affect-
ing iron absorption from human milk or supplements.
Objective: We investigated the effects of age, iron status, and
iron intake on iron absorption in healthy, term, breast-fed infants.
Design: Twenty-five infants were randomly assigned to receive
either 1) iron supplements (1 mg-kg~!'-d™!) from 4 to 9 mo of
age, 2) placebo from 4 to 6 mo and iron supplements from 6 to
9 mo, or 3) placebo from 4 to 9 mo. Infants were exclusively
breast-fed to 6 mo and partially breast-fed to 9 mo of age. Iron
absorption was assessed by giving Fe with mother’s milk at
6 and 9 mo. Blood samples were obtained at 4, 6, and 9 mo, and
complementary food intake was recorded at 9 mo.

Results: At 6 mo, mean (=SD) fractional iron absorption from
human milk was relatively low (16.4 = 11.4%), with no signifi-
cant difference between iron-supplemented and unsupplemented
infants. At 9 mo, iron absorption from human milk remained low
in iron-supplemented infants (16.9 = 9.3%) but was higher
(P =0.01) in unsupplemented infants (36.7 £ 18.9%). Unexpect-
edly, iron absorption at 9 mo was not correlated with iron status
but was significantly correlated with intake of dietary iron,
including supplemental iron.

Conclusions: Changes in the regulation of iron absorption
between 6 and 9 mo enhance the infant’s ability to adapt to a
low-iron diet and provide a mechanism by which some, but not
all, infants avoid iron deficiency despite low iron intakes in late
infancy. Am J Clin Nutr 2002;76:198-204.

KEY WORDS Infants, human milk, breast milk, nonheme-iron
absorption, stable isotopes, iron status, dietary iron intake,
complementary food, iron supplements, dietary regulator,
adaptation

INTRODUCTION

Rapid growth of infants during the first year of life requires an
adequate supply of iron for synthesis of blood, muscle, and other
tissues. Most health authorities recommend exclusive breast-
feeding for 4-6 mo (1), a practice thought to prevent develop-
ment of iron deficiency anemia in term, healthy infants (2). How-
ever, if infants are exclusively breast-fed beyond that age, they
are at increasing risk of developing iron deficiency anemia (3-5).
To prevent this, iron supplements (in the form of liquid drops)

are often recommended for breast-fed infants after 4-6 mo of age
if they do not consume adequate amounts of iron-rich comple-
mentary foods (6-8).

Although there is much interindividual variation in iron
absorption, estimates of iron requirements in infancy and recom-
mendations regarding the quantity of iron to be used to fortify
infant foods are often derived from absorption data (9, 10). In
healthy adults, absorption of iron increases in states of iron deple-
tion, but it is not known if the same regulating mechanism func-
tions during infancy, a period characterized by dramatic changes
in the size of iron stores and the rate of erythropoiesis. Recently,
we found different hemoglobin responses to iron supplementation
before and after 6 mo of age, suggesting a developmental change
in the regulation of iron metabolism during infancy (11). Other
authors also suggested that iron absorption differs depending on
infant age (12), but longitudinal studies are lacking.

Iron concentrations in human milk are low (0.2-0.4 mg/L),
but it is thought that the high bioavailability of iron in human
milk partly compensates for its low concentrations. In the 1970s,
radioisotopes were used for absorption studies in infants; the
mean fractional absorption of iron from human milk at 6 mo of
age was found to be 49% in a frequently cited study (13). How-
ever, stable-isotope studies published in the 1990s suggested
lower fractional absorption, ranging from 16% to 25% (14, 15).

The present study was designed to measure iron absorption
from human milk in healthy, term, breast-fed infants at 6 mo of
age and to repeat the measurement at 9 mo of age in the same
infants. To ensure wide ranges of dietary iron intake and iron
status, infants received iron supplements or placebo for 26 wk
before the measurements. The primary aim was to investigate
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the influence of iron supplementation on the absorption of iron
from human milk. The secondary aim was to study the effects
of infant age, iron status, and complementary food intake on
iron absorption.

SUBJECTS AND METHODS

Subjects

Twenty-five term (=37 wk gestation) Swedish infants of nor-
mal birth weight (>2500 g) were recruited at 4 mo of age from a
larger cohort of infants participating in an iron supplementation
trial (11). The infants were initially recruited with an informa-
tion leaflet sent to all mothers who had given birth at Umea Uni-
versity Hospital and were living within 20 km of the hospital.
Mother-infant pairs were eligible if the mother intended to
breast-feed exclusively for 6 mo and at least partially for 9 mo
and the infant had no chronic illnesses. A total of 121 infants
were included in the iron supplementation trial; they were ran-
domly assigned to receive either /) iron supplements from 4 to
9 mo of age, 2) placebo from 4 to 6 mo and iron supplements
from 6 to 9 mo, or 3) placebo from 4 to 9 mo. From each of these
3 groups, 12-14 families were asked to participate in the current
study; a total of 25 families agreed (6 in group 1, 8 in group 2,
and 11 in group 3). The study protocol was approved by the
Ethical Committee, Faculty of Medicine and Odontology,
Umea University. All participating families gave their written,
informed consent.

Iron supplements and diet

The iron supplement was a liquid formulation of ferrous sul-
fate (Fer-In-Sol; Mead Johnson, Evansville, IN). The placebo
solution was prepared by the pharmacy at the UC Davis Medical
Center, Sacramento, CA, on the basis of the original recipe for
Fer-In-Sol, but with ferrous sulfate omitted and food coloring
added to give the placebo an appearance similar to that of the
iron supplement. The investigators and the parents were blinded
to the intervention. The supplement was given in a dose corre-
sponding to 1 mg elemental Fe-kg™!-d™!; the volume was adjusted
monthly according to the infant’s weight.

The supplement or placebo was given by the mother each
morning, just before or after breast-feeding and =1 h before or
after the infant consumed any other food. The infants were exclu-
sively breast-fed until 26 mo of age. When the infants were
4-6 mo of age, the mothers were discouraged from giving any
other foods or fluids except for so-called taste portions (<1 table-
spoon/d) of commercial baby foods (strained fruits or vegetables)
that contained little or no iron and were provided by the investi-
gators. When the infants were between 6 and 9 mo of age, the
mothers continued breast-feeding and gave complementary foods
at their own discretion; no attempt was made by the investigators
to influence the choice of foods or the extent of breast-feeding.

Intake of complementary food (defined as all food, either fluid
or solid, except for human milk) was recorded in two 5-d food
diaries at 8 mo (243 = 2 d) and 9 mo (272 = 1 d) of age, respec-
tively. Intakes of specific nutrients were calculated by using the
Food Composition Tables from the Swedish National Food
Administration combined with information from Swedish baby
food manufacturers. Nutrient intakes at 9 mo were calculated as
the averages of the 8- and 9-mo values. Body weight was meas-
ured at 6 and 9 mo of age with a Seca model 835 digital infant

scale (Seca Corporation, Hamburg, Germany). Energy and iron
intakes at 9 mo were calculated per kg body weight by using the
weight at 9 mo.

To account for supplemental iron intake, dietary iron intake was
calculated by adding supplemental iron intake (0 or 1 mg-kg~'-d™")
to complementary food iron intake. Breast-milk intake was
not measured, so the contribution of iron from this source was
not included in the calculation, but it should, theoretically, be
<0.04 mg-kg~!'-d"L

Stable isotopes

The natural abundance values of >’Fe and *Fe are 2.1% and
0.3%, respectively. Metallic stable isotopes of >’Fe and Fe,
enriched to 94.7% and 93.1%, respectively (Russian origin, pur-
chased from Penwood Chemicals, Great Neck, NY) were dis-
solved in a mixture of 1.4 mol HNO,/L and 0.4 mol H,SO,/L,
heated at 300°C until dryness, resuspended in 0.2 mol H,SO,/L,
and heated at 60°C until dissolved. The **Fe solution was sterile
filtered, diluted to 0.20 mg 3*Fe/mL, and divided into aliquots of
0.15 mg 3®Fe. Ascorbic acid was added at a 2:1 molar ratio to the
5TFe solution, which was then adjusted to pH 5.6, sterile filtered,
diluted to 1.54 mg 3"Fe/mL, and divided into aliquots of 2.85 mg
>’Fe. Both stable-isotope ferrous sulfate solutions were stored
under nitrogen at 4°C until used.

Study procedure

Iron absorption was estimated twice in each subject by giving
a test meal 2 wk before 6 mo of age (x: 168 d of age; range:
164-174 d) and by giving an identical test meal 2 wk before
9 mo of age (x: 259 d of age; range: 253-264 d). For simplicity,
these ages are referred to as 6 and 9 mo, respectively. A venous
blood sample was obtained at an average of 17 d after each test
meal and was analyzed for isotope ratios. Just before the second
test meal, a blood sample was obtained and analyzed to deter-
mine the baseline isotope ratio.

Milk from each mother was collected =2 wk before the test
meal by using a manual or electric breast pump; milk was stored
at —20°C in a sterile container until used. For each test meal, a
portion of milk (76-150 mL) obtained from the infant’s own
mother was thawed in a preweighed plastic feeding bottle and
mixed with 150 g **Fe. The bottle was then slowly rotated at
4°C overnight to allow equilibration. The test meal was given in
the morning during a home visit by one of the investigators (MD)
and a research nurse (MB). The *®Fe-labeled milk was heated in
a water bath to =37°C before it was fed to the infant. To accu-
rately assess the dose given, all vials were weighed before and
after use and all small losses of milk (from spitting up or spilling)
were determined by absorbing the losses into preweighed nap-
kins; the corresponding stable-isotope content was subtracted
from the original total dose. The dose of *®Fe added to the milk
corresponds to =50% of the normal daily amount of iron
obtained from breast milk (15, 16).

A reference dose of 2.85 mg 3'Fe was also given; it was mixed
with a small amount of apple juice and was given orally to the
infant with a 2-mL syringe. To avoid any interaction between the
absorption of human milk iron and the absorption of the several-
fold-larger reference dose of iron, the latter was given =6 h after
completion of the test meal. No food or fluid was given for a
period of 22 h before and after the reference dose. After the
reference dose was given, the syringe was rinsed once with
ultrapure water and the water was given to the infant. The full
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TABLE 1

Subject characteristics at baseline (4 mo of age)’

Characteristic Value
Male sex (%) 52
Body weight (kg) 6.7+1.4%
Hemoglobin (g/L) 1175
Ferritin (ug/L) 151 £ 110
ZPP (umol/mol heme) 45+ 10
TfR (mg/L) 6.6+14

'n = 25. ZPP, zinc protoporphyrin; TfR, transferrin receptor. There
were no significant differences between groups for infant sex distribution,
body weight, or concentrations of hemoglobin, ferritin, ZPP, or TfR.

2X £ SD.

reference dose was given in all cases. No iron supplement or
placebo was given on the day of the test meal. No food other than
human milk was given from 6 h before the test meal until 2 h
after the reference dose.

Laboratory analyses

Venous blood samples (=5 mL) were obtained at 4, 6, 8.5, and
9 mo of age. Each blood sample was divided between one tube
containing lithium heparin and one tube containing EDTA. Blood
from the heparin-containing tube was centrifuged at 1750 X g for
10 min at room temperature, and the washed erythrocytes from
>1 mL of blood were saved for analysis of isotope ratios. Plasma
from the heparin-containing tube was analyzed for ferritin con-
tent by using an immunoradiometric assay (Coat-A-Count; Diag-
nostic Products Corp, Los Angeles) and for transferrin receptors
by using an enzyme immunoassay (TfR; Ramco, Houston) at the
Department of Nutrition, University of California, Davis. Blood
from the tube containing EDTA was analyzed for hemoglobin by
using an automated blood counter (Sysmex SE 9000; Tillquist,
Stockholm, Sweden) at the Department of Clinical Chemistry,
Umea University Hospital, Sweden and was analyzed for zinc
protoporphyrin (ZPP) by using a fluorometer (Protofluor Z;
Helena Labs, Beaumont, TX) at the Department of Clinical Sci-
ences, Pediatrics, Umea University. Inter- and intraassay CVs for
the ferritin, transferrin receptor, and ZPP kits were all <10%.

Iron isotope ratios were determined in the mineral mass
spectrometry laboratory of the US Department of Agriculture,
Agricultural Research Service, Children’s Nutrition Research
Center, Houston. Erythrocytes obtained at 6, 8.5, and 9 mo were
digested in concentrated HNO; in a titration flask on a hot plate
at sub-boiling temperature for 24 h. The sample was then dried
and redissolved in 6 mol HCI/L and iron was extracted with an
ion-exchange column as described previously (15). Extracted
iron was resuspended in 30-50 pL of 3% HNO, and loaded onto
the filament of a magnetic sector thermal ionization mass spec-
trometer (MAT 261; Finnigan, Bremen, Germany) and the ratios
of *’Fe to *°Fe and **Fe to *°Fe were determined as described
previously (15).

Calculations

Incorporation of iron into erythrocytes was determined as
described previously (16) by evaluating the recovery of the
orally administered isotopes in blood obtained 2-3 wk after iso-
tope administration. Circulating iron was estimated by using an
assumed blood volume of 80 mL/kg (17), the measured hemo-
globin concentration, and the known concentration of iron in
hemoglobin (3.47 mg/g). Fractional absorption was calculated,

assuming that 90% of the absorbed isotope was incorporated into
erythrocytes (18). The amount of incorporated Fe was cor-
rected for the content of 3®Fe in the 3’Fe tracer (0.16%) (19). At
the second measurement for each infant, the baseline isotope
ratio was measured and corrected for in the calculation.

All statistical analyses were performed with SPSS software,
version 10.0 (SPSS Inc, Chicago). The statistical methods used
were the paired ¢ test, independent sample ¢ test, analysis of vari-
ance, and linear regression. The level of significance was set at
P < 0.05. With the use of previous variability data (14), a
prestudy analysis showed that a group size of 10 would give a
power of 80% to find a 20% difference in iron absorption
between groups. The actual number of infants recruited was 25,
which limited the statistical power. However, because absorption
from the reference dose was found to be strongly correlated with
absorption from breast milk, we had 2 independent measure-
ments of iron absorption in each infant at each point in time,
which increased the reliability of the method. Analyses were
done to check for normality of iron-status variables at baseline,
dietary iron intake, and residuals of absorption variables at 6 and
9 mo. One variable (absorption from the reference dose) was
slightly skewed and this could be corrected by log transforma-
tion. However, all significant results remained significant after
log transformation, and therefore we used the original values for
ease of presentation.

RESULTS

Subjects, test meals, and blood sampling

Iron absorption was measured in 25 infants at 6 mo of age,
and the measurement was repeated in 18 of them at 9 mo of age.
All 7 families that dropped out of the study did so because of
parental refusal to continue with the demanding study procedure.
Characteristics of the subjects at 4 mo of age are shown in
Table 1. There were no significant differences between groups
in baseline concentrations of hemoglobin, ferritin, ZPP, or trans-
ferrin receptors; body weight; or infant sex distribution.

After correcting for the small amount of milk (¥: 4 mL)
remaining in the bottle and collected in napkins, a mean of
103 mL human milk (range: 76—-156 mL) containing a mean
of 144 pg >%Fe (range: 125-149 wg) was given to the infants
during the test meals. In 7 of 43 test meals, the infant refused
to take the bottle; the milk was given by nasogastric tube in
those instances.

Iron absorption
Human milk

At 6 mo, the mean (£SD) fractional absorption of 3Fe from
human milk was 16.4 £ 11.4%, with no significant difference
between iron-supplemented infants (11.9 + 7.4%) and unsupple-
mented infants (17.8 £ 12.2%) (Table 2). At 9 mo, mean fractional
iron absorption was significantly higher in unsupplemented
infants (36.7 £ 18.9%) than in iron-supplemented infants
(16.9 £ 9.3%). There was also a significant increase in fractional
iron absorption from 6 to 9 mo in the unsupplemented group
(P =0.009) but not in the 2 groups of iron-supplemented infants.

Reference dose

At 6 mo, the mean fractional absorption of 3’Fe from the ref-
erence dose was 12.3 £ 6.7%, with no significant difference
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TABLE 2

Fractional iron absorption from human milk and a reference dose in infants of different ages

6 mo (all infants) 6 mo (excluding dropouts)’ 9 mo
Group n Human milk Reference dose n Human milk Reference dose n Human milk Reference dose
% % %

Iron-supplemented from 4 to 9 mo 6 11.9£7.4% 85128 6 119+£74 85128 6 17.8 £12.0 6.0£4.2
Iron-supplemented from 6 to 9 mo 8 147+£11.3 12.1+34 4 18.6 £ 15.3 11.2+4.7 4 15.6 £3.9 74+3.1
Placebo 11 20.0 +12.9 14.4+9.1 8 143 £8.7° 13.2£9.3% 8 36.7+18.9 19.8 £ 6.4%
Combined groups

Iron-supplemented’ 6 11.9+74 85+28 6 11.9+74 85+28 10 169+9.3 6.6+3.7

Unsupplemented? 19 17.8 £ 12.2 135+72 12 15.7+£10.9 125+7.9 8 36.7+18.97 19.8+6.4%

All subjects 25 164+ 11.4 123+6.7 18 145+9.38 11.2+6.8 18 257+£17.2 124+83

'Dropouts were excluded to allow direct comparison with the same infants at 9 mo.

2X +SD.
I Significantly different from 9 mo, P = 0.009 (paired  test).

?The increase in iron absorption from 6 to 9 mo was not significant (P = 0.066) when original values were used but was significant when log-

transformed absorption values were used (P = 0.018).

> At 6 mo, iron from 4 to 9 mo group only; at 9 mo, iron from 4 to 9 mo and iron from 6 to 9 mo groups combined.
® At 6 mo, placebo and iron from 6 to 9 mo groups combined; at 9 mo, placebo group only.
78 Significantly different from iron-supplemented group (independent-sample two-tailed ¢ test): 7P = 0.01, P < 0.001.

between iron-supplemented infants (8.5 = 2.8%) and unsupple-
mented infants (13.5 £7.2%) (Table 2). At 9 mo, mean fractional
iron absorption was significantly higher in unsupplemented
infants (19.8 = 6.4%) than in iron-supplemented infants
(6.6 £ 3.7%). The increase in iron absorption from 6 to 9 mo in
the placebo group was not significant (P = 0.066) when original
values were used but was significant when log-transformed
absorption values were used (P = 0.018).

Fractional iron absorption from the reference dose was signi-
ficantly correlated with iron absorption from human milk meas-
ured simultaneously in the same infant (Figure 1), even though
the latter absorption value was significantly higher at both 6 and
9 mo of age (P = 0.027 and P < 0.001, respectively). However,
because the amount of iron in the reference dose was several
times higher than the amount of iron in the human milk test
meal, the absolute amount of iron absorbed from the reference
dose was 10-fold higher. Thus, an average of 370 wg Fe was
absorbed from the reference dose while an average of 35 ug Fe
was absorbed from the human milk test meal, assuming an iron
concentration in human milk of 0.3 mg/L.

Influence of iron status

Iron supplementation had significant effects on iron status.
Iron-supplemented infants had higher mean (+SD) plasma fer-
ritin concentrations than did unsupplemented infants at 6 mo
(116 £27 and 69 + 27 pg/L, respectively, P = 0.002) and at 9 mo
(77 £29 and 27 £+ 29 pg/L, respectively, P < 0.001), controlling
for baseline values at 4 mo.

At both 6 and 9 mo of age, we did not find any significant
correlations between different indexes of iron status and iron
absorption. Scatterplots of the associations between plasma fer-
ritin concentrations and iron absorption from human milk and
from the reference dose at 9 mo are shown in Figure 2. The cor-
responding correlations for hemoglobin, ZPP, and transferrin
receptors were not significant. At 9 mo, 3 of the 18 infants had
ferritin values <12 pg/L (11) and 1 of the 18 had serum trans-
ferrin receptors >11 mg/L (20), but none had hemoglobin
<110 g/L or ZPP >80 pmol/mol heme (11). In the 4 infants
with indications of poor iron status (ferritin <12 ug/L or trans-

ferrin receptors >11 mg/L), mean absorption of iron from
human milk and from the reference dose was not significantly
different from that in infants with normal iron status. No infant
met the criteria for iron deficiency, defined as having 2 of the
following: ferritin <12 pg/L, ZPP >80 pmol/mol heme, and
transferrin receptors >11 mg/L.

Influence of dietary iron intake

Complementary food intake at 9 mo was recorded for an aver-
age of 9 d per infant. The mean (+SD) daily energy intake was
180 £ 88 klJ/kg (range: 21-355 kJ/kg) and the mean iron intake was
0.53+0.50 mg-kg '-d ! (range: 0.08-2.33 mg-kg !-d"!). Infants
with the lowest iron intakes from complementary foods were still
almost exclusively breast-fed at 9 mo, whereas infants with the
highest iron intakes consumed significant amounts of iron-fortified
complementary foods, such as fruit drinks and cereals.

At 9 mo, there was a significant inverse correlation between
dietary iron intake and iron absorption from human milk

— — [NS] [\S] W w
el w (= w o w
. . L . . )

wn
.

Absorption from reference dose (%)

<

T T 1

0 20 40 60 80
Absorption from human milk (%)
FIGURE 1. Correlation between fractional iron absorption from

human milk and fractional iron absorption from a reference dose of fer-
rous sulfate; n =43 (r = 0.63, P < 0.001).
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FIGURE 2. Associations between plasma ferritin concentration and
fractional iron absorption from human milk and from a reference dose at
9 mo of age (n = 18); both of these associations were not significant.

(P =0.031) and from the reference dose (P = 0.001, Figure 3).
In a multivariate analysis, the effect of supplemental iron on iron
absorption (from human milk or the reference dose) was highly
significant, whereas the effect of complementary food iron was
not significant, showing that supplemental iron had a larger
effect on iron absorption than did complementary food iron
(data not shown). However, in the subgroup of unsupplemented
infants (n = 8), there was a significant inverse correlation
between complementary food iron intake and iron absorption
from the reference dose (r = —0.75, P =0.031). In contrast to the
results for dietary iron intake, there was no significant correla-
tion between complementary food energy intake and iron absorp-
tion from human milk or from the reference dose.

DISCUSSION

Mean fractional iron absorption from human milk at 9 mo was
significantly higher in unsupplemented infants (36.7 * 18.9%)
than in iron-supplemented infants (16.9 + 9.3%). This was expected,
because the unsupplemented, breast-fed infants had significantly
smaller iron stores at 9 mo than did the iron-supplemented infants,
as assessed by plasma ferritin concentrations; low iron stores are
thought to increase intestinal iron absorption. However, we found

that iron absorption was directly associated with dietary iron
intake but not with indexes of iron status, including plasma fer-
ritin. These findings were unexpected and suggest that in infants
of this age, dietary iron intake per se is an important regulator of
iron absorption and has a direct effect rather than an effect that is
secondary to its influence on body iron stores.

In humans, 3 regulators of nonheme-iron absorption have
been identified. They are known as the stores regulator, the ery-
thropoietic regulator, and the dietary regulator (21). Many stud-
ies have shown that iron absorption is inversely related to iron
stores, a mechanism sometimes referred to as the stores regula-
tor (22). Iron stores are most often assessed by measuring serum
or plasma ferritin, which is thought to accurately predict iron
absorption in healthy, adult men (23). In the present study, we
found no significant correlation between plasma ferritin concen-
tration and iron absorption.

In situations when the erythropoietic drive is high in relation to
the iron supply, iron absorption is known to increase; this is some-
times called the erythropoietic regulator and is observed in various
types of anemia characterized by iron-deficient erythropoiesis (22).

704 @
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Absorption from human milk (%)

4
Dietary iron intake (mg- kg™ -d ")
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Dietary iron intake (mg-kg™'-d ™)

FIGURE 3. Associations between dietary iron intake and fractional
iron absorption from human milk (r = —0.51, P = 0.031) and from a ref-
erence dose (r = —0.72, P = 0.001) at 9 mo of age (@, unsupplemented
infants; O, iron-supplemented infants); n = 18. Dietary iron included
supplemental iron but excluded breast-milk iron.
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ZPP and transferrin receptors can be used to assess functional
iron deficiency of the erythron, and elevated concentrations may
therefore be associated with increased iron absorption. However,
in the present study, we found no significant correlation between
iron absorption and these 2 variables.

Thus, we found no correlation between iron absorption and
various measures of iron status in this study. However, we cannot
exclude the possibility that such correlations might be found in a
larger cohort of infants with a wider range of iron-status values.

Iron absorption is also regulated by recent dietary iron intake,
independent of the size of iron stores and the rate of erythro-
poiesis. A bolus dose of iron given enterally renders enterocytes
resistant to absorbing additional iron for several days, a phenom-
enon that has been referred to as mucosal block (24, 25). This
dietary regulator of iron absorption has generally received less
emphasis than the other 2 regulators, possibly because habitual
dietary iron intake and the size of iron stores often are related in
the nonexperimental setting. However, a recent study suggested
that regulation of nonheme-iron absorption in adult men is corre-
lated with recent intake of bioavailable iron rather than with iron
stores measured in terms of ferritin concentrations (26).

In the present study, the small difference in iron absorption
between iron-supplemented and unsupplemented infants at 6 mo
of age was not significant. Even if such a difference might be
significant in a larger cohort, the small difference observed still
suggests that the role of the dietary regulator of iron absorption is
limited at this age. One explanation for this might be that the
stores regulator effectively down-regulates intestinal iron absorp-
tion in these presumably iron-sufficient infants, regardless of
dietary iron intake. Alternatively, it could be that neither of these
2 regulators is fully active at this early age. The latter view is sup-
ported by the fact that the observed iron absorption at 6 mo was
not particularly low, and we showed previously that iron supple-
mentation from 4 to 6 mo of age results in increased hemoglobin
and ferritin concentrations regardless of initial iron status (11).

At 9 mo of age, there was an inverse correlation between iron
absorption and dietary iron intake, but again we found no signi-
ficant correlation between iron absorption and various indexes of
iron status. This implies that the size of iron stores is not respon-
sible for the significant increase in iron absorption that occurred
in the unsupplemented infants between 6 and 9 mo of age.
Rather, this observation supports the theory that the dietary reg-
ulator of iron absorption is immature in the 6-mo-old infant and
is subject to developmental changes between 6 and 9 mo of age.
Several new transporters of iron were found in enterocytes (27),
but little is known as yet about their expression in human infants.
However, recent data from animal studies suggest that the
expression of one iron transporter, DMTI, is not affected by
dietary iron during early infancy but is affected in late infancy
(28), which would support our findings.

The observed increase in iron absorption from human milk
in unsupplemented infants at 9 mo of age does not imply that
infants need no source of iron other than breast milk during
the second half of infancy. Rather, this adaptation may not be
sufficient to prevent iron deficiency in exclusively breast-fed
infants. Assuming a breast-milk intake of 1000 mL/d, even if the
bioavailability of human milk iron reached an unattainable
100%, absorbed iron would amount to no more than 0.3 mg/d,
which is insufficient to meet the estimated requirement of 280 mg
absorbed iron during the first year of life (29). However, we
found a similar increase in iron absorption from the reference

dose in unsupplemented infants with a low complementary food
iron intake. Thus, one can speculate that iron absorption from all
dietary sources (excluding heme iron) is up-regulated in
response to low dietary iron intake at 9 mo of age. This might
prove to be a valuable compensatory mechanism in partially
breast-fed infants with low-iron diets and might explain why we
found no correlation between complementary food iron intake
and iron status in 9-mo-old Swedish infants (11).

At both 6 and 9 mo of age, fractional absorption of iron from
human milk correlated well with fractional absorption from the
reference dose, even though the latter was significantly lower.
The reason for this difference might be that some component of
human milk facilitates iron absorption, but we cannot exclude
the possibility that the larger amount of iron in the reference
dose might saturate intestinal iron-binding proteins or recep-
tors, resulting in lower fractional absorption. Both of these
mechanisms would also apply to the supplemental iron drops.
In the iron-supplemented infants, mean fractional absorption of
iron from the reference dose was 7-9% at 6 and 9 mo of age,
corresponding to 0.07-0.08 mg Fe-kg '-d~!' absorbed from
iron drops. This might be an adequate supplementation dose for
infants in high-risk populations.

In comparison, unsupplemented infants in the present study
would absorb 0.01 mg Fe-kg™'-d~! from breast milk if we assume
an intake of 700 mL milk/d (corrected for complementary food
intake) at 9 mo of age. The average daily complementary food iron
intake in the same infants was 3.4 mg. Assuming a fractional iron
absorption of 10% from complementary food, the amount of
absorbed iron from that source would be 0.04 mg-kg'-d”,
showing that complementary food was the main source of iron in
these partially breast-fed infants. By using strict criteria, we found
no case of iron deficiency anemia in the unsupplemented infants at
9 mo of age. This confirms our previous findings (11) that breast-
feeding in combination with adequately iron-fortified complemen-
tary food, possibly together with the ability to up-regulate iron
absorption in response to low dietary iron intake as shown here,
ensures a sufficient amount of absorbed iron, at least until 9 mo of
age in this low-risk population.

In conclusion, we have for the first time shown the importance
of the dietary regulator of nonheme-iron absorption in breast-fed
infants. The effect of recent dietary iron intake needs to be taken
into consideration when designing future studies of iron absorp-
tion in infants, because dietary differences may at least partly
explain the inconsistent absorption rates found in previous stud-
ies. Moreover, our results suggest that the regulation of iron
absorption undergoes developmental changes between 6 and 9 mo
of age. These changes enhance the infant’s ability to adapt to a
low-iron diet and provide a mechanism by which some, but not
all, infants may avoid developing iron deficiency despite low
iron intakes in the second 6 mo of life.
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