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ABSTRACT
Background: After the oral administration of iron, the production
of circulating non–transferrin-bound iron may contribute to an in-
creased risk of illness in malaria-endemic areas that lack effective
medical services.
Objective: In healthy women with a range of body iron stores, we
aimed to determine effects on the production of circulating non–
transferrin-bound iron resulting from the oral administration of 1)
a supplemental dose of iron (60 mg) with water, 2) a supplemental
dose of iron (60 mg) with a standard test meal, and 3) a fortification
dose of iron (6 mg) with a standard test meal.
Design: With the use of serum ferritin as the indicator, healthy
women with replete iron stores (ferritin concentration .25 mg/L;
n = 16) and reduced iron stores (ferritin concentration #25 mg/L;
n = 16) were enrolled in a prospective, randomized, crossover study.
After the oral administration of aqueous solutions of ferrous sulfate
isotopically labeled with 54Fe, 57Fe, or 58Fe, blood samples were
collected for 8 h, and iron absorption was estimated by erythrocyte
incorporation at 14 d.
Results: At 4 h, serum non–transferrin-bound iron reached peaks
with geometric mean (95% CI) concentrations of 0.81 mmol/L
(0.56, 1.1 mmol/L) for 60 mg Fe with water and 0.26 mmol/L
(0.15, 0.38 mmol/L) for 60 mg Fe with food but was at assay limits
of detection (0.1 mmol Fe/L) for 6 mg Fe with food. For the 60 mg
Fe without food, the area under the curve over 8 h for serum non–
transferrin-bound iron was positively correlated with the amount of
iron absorbed (R = 0.49, P , 0.01) and negatively correlated with
serum ferritin (R = 20.39, P , 0.05).
Conclusions: In healthy women, the production of circulating non–
transferrin-bound iron is determined by the rate and amount of iron
absorbed. The highest concentrations of non–transferrin-bound iron
resulted from the administration of supplemental doses of iron with-
out food. Little or no circulating non–transferrin-bound iron resulted
from the consumption of a meal with a fortification dose of iron. This
trial was registered at clinicaltrials.gov as NCT01404533. Am J
Clin Nutr 2014;100:813–20.

INTRODUCTION

The available evidence (1–4) and current WHO guidance (5)
indicate that iron supplementation and fortification for the pre-
vention and correction of iron deficiency are safe in settings
without endemic malaria and, with adequate health care, in re-
gions with a high transmission of malaria and other infections.

Without regular surveillance and treatment of malaria and other
infections, results from a variety of studies have suggested that
the oral administration of iron may increase risk of severe ill-
ness and death (6). The mechanisms responsible are unknown.
A WHO consultation identified circulating non–transferrin-
bound iron as a potential source of these apparent adverse ef-
fects of iron (7).

Circulating non–transferrin-bound iron consists of forms of
iron, which are not complexed with heme or ferritin, that are
present in the bloodstream independently of the iron-transport
protein transferrin (8). More than 3 decades ago, circulating
non–transferrin-bound iron was first identified in sera in which
the plasma iron concentration exceeded the iron-binding ca-
pacity of transferrin. Circulating non–transferrin-bound iron is
now known to appear despite the presence of available binding
sites on transferrin if the rate of iron influx into plasma exceeds
the rate of iron acquisition by transferrin (9, 10). Concentrations
of circulating non–transferrin-bound iron associated with ad-
verse effects have not been established. For non-malarial
infections, circulating non–transferrin-bound iron provides a
readily available source of iron to enhance the virulence of
pathogens reaching the bloodstream (11). For malarial infec-
tions, the mechanisms of harmful effects remain to be deter-
mined, and a variety of possibilities are under investigation
(6, 12–19).
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Iron supplementation uses iron preparations, usually in doses
of 1–3 mg/kg body weight to treat or prevent iron deficiency
in individuals or population groups. The production of circu-
lating non–transferrin-bound iron by supplemental doses of
iron has been described by other investigators (9, 20–23).
Amounts of additional iron provided by fortification are gen-
erally lower than those from supplementation. To our knowl-
edge, the effects of fortification doses of iron on production of
circulating non–transferrin-bound iron have not been reported
previously.

In a large, randomized, controlled trial in Pemba, Tanzania,
which is an area of high malaria transmission, oral iron sup-
plementation (at w1 mg/kg per day without food) seemed to
benefit iron-deficient children but harm those who were iron
replete (24). Circulating non–transferrin-bound iron was not
measured. The current study examined healthy women with
replete or reduced iron stores who were given aqueous solutions
of ferrous sulfate labeled with stable isotopes of iron. Our aim
was to compare the effects on production of circulating non–
transferrin-bound iron resulting from oral administration of
a supplemental dose of iron (w1 mg/kg) with water, a supple-
mental dose of iron (w1 mg/kg) with food, and a fortification
dose of iron (w0.1 mg/kg) with food.

SUBJECTS AND METHODS

Subjects

Apparently healthy women, 18–39 y of age, were recruited
from the student and staff population at ETH Zürich and the
University of Zürich (Zürich, Switzerland) between May and
October 2009. Exclusion criteria were pregnancy and lactation,
known metabolic disorders, chronic diseases, eating disorders
and allergies, abnormal BMI (in kg/m2; ,18.5 or .25) and in-
flammation [C-reactive protein (CRP) concentration .10 mg/L].
No medication (except oral contraceptives) was allowed, and
vitamin and mineral supplements were not allowed for 2 wk
before and during the entire study. Women with blood donations
,4 mo before the start of the study were not included.

The total sample size was 32 subjects, 16 of whom had replete
iron stores, which were evaluated as a serum ferritin concen-
tration .25 mg/L, and 16 of whom had reduced iron stores,
which were indicated by a serum ferritin concentration#25 mg/L.
The sample size of 16 subjects for each subgroup of iron stores
was estimated to provide a power of 80% (b = 0.20) to detect an
intrasubject difference of 30% in fractional iron absorption with
a = 0.05. Fractional iron absorption was used to estimate the
sample size in the absence of data with respect to formation of
non–transferrin-bound iron.

The study protocol was approved by the ETH Zürich (Zürich,
Switzerland) ethics committee. Written informed consent was
obtained from all subjects. The study was registered at
clinicaltrials.gov as NCT01404533.

Study design

Subjects were screened for iron status, inflammation, and body
height and weight before assignment to one of the subgroups
according to serum ferritin. Subjects were asked to refrain from
eating after 2000 and from drinking after 2400 on the days

preceding study days. Each subject was given the 3 following iron
preparations in a randomized order on 3 study days: 60 mg Fe as
ferrous sulfate (54 mg unlabeled Fe and 6 mg 54Fe) in 100 g
deionized water (preparation A), 60 mg Fe as ferrous sulfate (54
mg unlabeled Fe and 6 mg 58Fe) with a standardized meal
(preparation B), and 6 mg Fe as ferrous sulfate (6 mg 57Fe) with
a standardized meal (preparation C). The sequence of the 3 iron
preparations (ABC, ACB, BAC, BCA, CAB, and CBA) was
randomly allocated to each subject by a random-number as-
signment by one of the study investigators (JT). Blood samples
(8 mL) were collected before administering the iron preparation
(0 h) and at 1, 2, 4, 6, and 8 h after administration for a total of
48 mL. Participants were not allowed to eat and drink until the
4-h blood sampling after which they were given a sandwich of
cheese and unfortified white bread and allowed to drink de-
ionized water ad libitum. After the 6-h blood sampling, subjects
were given an apple, and after the 8-h blood sample, subjects
were allowed to eat their self-selected diet. Participants were
carefully supervised by a nurse during the 8 h of repeated blood
sampling. The protocol was repeated with each iron preparation,
and 14 d after the third iron administration, a final blood sample
was collected to determine iron absorption.

Test meals

Test meals used in iron preparations B and C consisted of
boiled white rice (50 g dry weight) and 25 g (fresh weight) pureed
vegetable sauce that was based on cabbage, carrots, zucchini, and
onions. Meals were prepared in batches according to a stan-
dardized recipe and stored frozen until use. Immediately before
consumption, meals were heated in a microwave oven, and the
iron preparation was added. The iron preparation Awas added to
100 mL deionized water and consumed with an additional 200
mL deionized water. Test meals with iron preparations B and C
were consumed with 300 mL deionized water. In the subgroup
with replete iron stores, iron preparations A–C were given on 3
consecutive days, and in the subgroup with reduced iron stores,
iron preparations were given on the same weekdays of 3 con-
secutive weeks.

Stable isotope labels and iron preparations

Isotopically labeled 54FeSO4,
57FeSO4, and 58FeSO4 were

prepared from isotopically enriched elemental iron (Chemgas)
by dissolution in dilute sulfuric acid. Isotopic enrichment was
99.9% for 54Fe, 97.8% for 57Fe, and 99.5% for 58Fe. For iron
preparations A and C, 54 mg unlabeled Fe as ferrous sulfate
(Sigma-Aldrich) dissolved in water was added together with the
isotopic label.

Blood analysis

Hemoglobin was measured in whole blood by using an au-
tomated Coulter counter (AcT8 Counter; Beckman Coulter).
Ferritin and CRP were measured in serum using an IMMULITE
2000 automatic system (Siemens Healthcare Diagnostics). Ex-
ternal 3-level commercial quality-control materials were used for
the measurement of hemoglobin, ferritin, and CRP (Beckman
Coulter; Siemens Healthcare Diagnostics). Anemia was defined
as a hemoglobin concentration ,12 g/dL. With the use of serum
ferritin as the indicator, replete iron stores were defined as
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a serum ferritin concentration .25 mg/L, and reduced iron
stores were defined as a serum ferritin concentration #25 mg/L.
A CRP concentration .10 mg/L suggested the presence of in-
flammation. One subject had an elevated CRP concentration
.10 mg/L at baseline, but because the serum ferritin concen-
tration appeared unaffected (ferritin concentration ,15 mg/L),
the subject was included in the study.

Serum iron and the total iron-binding capacity (TIBC) were
determined by using the methods recommended by the In-
ternational Committee for Standardization in Hæmatology (25),
and transferrin saturation was calculated as a percentage as

Serum ironOTIBC3 100 ð1Þ

Non–transferrin-bound-iron was determined as previously
described (10, 26) with minor modifications. In brief, the serum
aliquot for non–transferrin-bound iron determination was
pretreated with tris-carbonatocobaltate(III) trihydrate to saturate-
free transferrin sites and stored frozen until analysis. Non–
transferrin-bound iron was chelated with nitriloacetic acid (pH
7.0 at room temperature for 30 min) and separated from the
protein fraction by centrifugation with the use of an ultracen-
trifugation filtration device [Microcon Ultracel YM-30, 30-kDa
cutoff, low-binding regenerated cellulose type (Millipore) at
14,000 rpm for 40 min]. The iron content of the ultrafiltrate was
measured by using graphite furnace atomic absorption spec-
trometry (AA240Z, Varian Inc). The lower limit of detection
was 0.1 mmol Fe/L.

A hepcidin analysis in serum samples was performed at In-
trinsic LifeSciences LLC by using an enzyme-linked immuno-
sorbent assay (27). The lower limit of detection was 5 ng/mL.

Serum aliquots of blood samples collected at time points 1, 2,
4, 6, and 8 h and the whole blood sample collected 14 d after the
third iron administration were analyzed for the iron isotopic
composition under chemical blank monitoring. Samples were
mineralized by microwave digestion with the use of a HNO3/
H2O2 mixture followed by separation of the sample iron from
the matrix by using anion-exchange chromatography and the
precipitation of iron as ferric hydroxide (28). An isotopic anal-
ysis was performed by using a high-resolution multicollector
inductively coupled plasma mass spectrometer (Neptune; Thermo-
Finnigan) (29).

Calculation of iron absorption

Circulating iron was calculated on the basis of a hemoglobin
concentration and blood volume estimated on height and weight
according to Brown et al (30). The calculation of iron absorption
was based on the shift in the isotopic ratios after a 14-d in-
corporation period according to Walczyk et al (31). Serum iron
isotope concentrations were calculated according to principles of
isotope dilution (31, 32).

Statistical analysis

The primary outcome measure of the study was the formation
of circulating non–transferrin-bound iron after oral iron ad-
ministration. Secondary outcome measures were the proportion
(%) of iron absorbed from each test meal, amounts of iron (mg)
absorbed from each test meal, serum transferrin saturation, and

serum hepcidin concentration. The appearance of stable isotopes
of iron in the circulation, serum iron, and TIBC were also
measured in subjects with reduced iron stores (n = 16).

BMI was calculated as weight divided by height squared. Non–
transferrin-bound iron, serum isotope appearance, and serum
iron at each sample time point were reported as the increase from
baseline after the administration of iron (D change). The increase
in serum transferrin saturation from baseline was also calculated.
Overall responses of transferrin saturation, non–transferrin-bound
iron, serum isotope appearance, and serum iron for each test
meal were evaluated as the AUC, which was calculated by using
the trapezoidal integration rule (33).

The normality of data was assessed before analysis by using
the Shapiro-Wilk test and graphically by evaluating histograms
and Q-Q plots. Data not normally distributed were log trans-
formed for analysis. A standard value was added before log
transformation to variables with negative values. Log-transformed
data were back transformed for reporting. Normally distributed
data are presented as means (6SDs, 695% CIs, or both), data
normally distributed after log transformation are presented as
geometric means (695% CIs), and non-normally distributed
data are presented as medians and ranges.

Differences in baseline characteristics and iron absorption
between groups with reduced and replete iron stores were tested
by using the unpaired t test for normally distributed variables
and the Mann-Whitney test for non-parametric variables. Dif-
ferences in the fractional (%) and amount (mg) of iron absorbed
between test meals were compared by using a repeated-measures
ANOVA followed by pairwise comparisons with the Bonferroni
correction for multiple comparisons. Associations between iron
stores, as evaluated by serum ferritin, and both fractional iron
absorption and amounts of iron absorbed were examined by using
Pearson’s correlation for each meal.

Differences between the different test meals at each respective
sample time point as well as for the AUC over 8 h were compared
by using a repeated-measures ANOVA followed by pairwise
comparisons with Bonferroni correction (transferrin saturation,
non–transferrin-bound iron, serum isotope appearance, and se-
rum iron). Levene’s test was used to examine the homogeneity
of variances.

The serum hepcidin response over 8 h was evaluated by using
a linear mixed-effects model with the use of time, the test meal,
and the time 3 test meal interaction as fixed effects. Random
effects of the test meal were introduced for the intercept and
slope for each subject. A pairwise post hoc evaluation for the
effect of time was done by Bonferroni correction to determine
changes that occurred over time. The association between the
overall AUC for non–transferrin-bound iron and the amount of
iron absorption (mg) was examined by using Pearson’s corre-
lation with residuals tested for normality.

Statistical analyses were conducted with IBM SPSS software
(version 20.0; SPSS Inc). Differences were considered statisti-
cally significant at P , 0.05.

RESULTS

All participants completed the study. Age, anthropometric
data, and selected laboratory measurements of study participants
at baseline are shown in Table 1. The 2 groups of women dif-
fered only with respect to mean (6SD) serum ferritin, which
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was moderately higher in the group classified as having replete
iron stores (39.1 6 10.1 mg/L) than in the group with reduced
iron stores (16.7 6 6.6 mg/L). In the group with lower serum
ferritin concentrations, the degree of iron depletion was modest;
only 4 of 16 subjects had a serum ferritin concentration ,12.0
mg/L; none of the subjects were anemic. No adverse effects of
iron administration were reported or observed.

Iron absorption from the 3 test meals in the 2 study groups is
summarized in Table 2, which shows both the geometric mean
proportions (%) and amounts (mg) of iron absorbed from each
of the 3 test meals. Overall, the fractional iron absorption from
the 60-mg supplemental iron dose was higher when given
without a meal (P , 0.0001). When iron was given with a meal,
the overall fractional iron absorption was higher from the 6-mg
fortification dose that the 60-mg supplemental dose (P , 0.01).
From each test meal, the geometric mean fractional iron ab-
sorption was greater in women with reduced iron stores than in
replete subjects (all P , 0.05). For the absolute amounts of iron
absorbed, the overall absorption was greatest from the 60-mg
supplemental dose given without a meal, intermediate when
given with a meal, and least from the 6-mg fortification dose
with a meal (P , 0.0001). From each test meal, the geometric
mean amount of iron absorbed was greater in women with re-
duced iron stores than in replete subjects (all P , 0.05). Nota-

bly, in women with reduced iron stores, the reduction in iron
absorption from the 60-mg supplemental dose with a meal, re-
lative to that without a meal, was not significant (P = 0.06). In
these women, the geometric mean amount of iron absorbed from
the 6-mg fortification dose was substantially less than that from
either supplemental dose (P , 0.0001 for both).

After the administration of the 60-mg supplemental doses of
iron, both with and without food, transferrin saturation promptly
increased to reach peaks at 2–4 h and progressively declined but
had not returned to baseline by 8 h (Figure 1). The rate of in-
crease in transferrin saturation, which was assessed as the ratio
of the increase in saturation to the time since ingestion, was
greatest for the 60-mg supplemental dose of iron without a meal,
less for the supplemental iron with a meal, and least for the 6-mg
fortification dose. The increase in transferrin saturation from
baseline differed between the 3 meals after 1 h (P , 0.0001).
For serum hepcidin concentrations, there was a significant
overall effect of the time and test meal interaction (P-time3 test
meal interaction , 0.01, P-time , 0.001, P-test meal = 0.710;
Figure 2). The serum hepcidin increase from baseline was
significant at 4 h (P , 0.05) and remained elevated at 8 h (P ,
0.001).

With 60-mg supplementation doses of iron, serum non–
transferrin-bound iron increased rapidly over the first 2 h to

TABLE 1

Baseline characteristics of 32 women who participated in the study

Reduced iron stores (serum ferritin

concentration #25 mg/L; n = 16)

Replete iron stores (serum ferritin

concentration .25 mg/L; n = 16) All (n = 32)

Demographics

Age (y) 21.7 (18.9–32.9)1 22.2 (19.1–27.4) 21.9 (18.9–32.9)

Anthropometric measures

Weight (kg) 57.9 6 6.52 59.9 6 4.6 58.9 6 5.6

Height (m) 1.67 6 0.06 1.68 6 0.04 1.68 6 0.05

BMI (m/kg2) 20.7 6 2.0 21.2 6 1.6 21.0 6 1.8

Laboratory measures

Hemoglobin (g/dL) 13.3 6 0.6 13.4 6 0.6 13.3 6 0.6

Serum ferritin (mg/L) 16.7 6 6.63 39.1 6 10.1 27.9 6 14.2

C-reactive protein (mg/L) 2.1 (0.3–22.6) 0.5 (0.3–2.2) 0.9 (0.3–22.6)

1Median; range in parentheses (all such values).
2Mean 6 SD (all such values).
3 Significantly different from replete iron stores, P , 0.001 (independent t test).

TABLE 2

Iron absorption from 3 test meals1

Reduced iron stores (serum ferritin

concentration #25 mg/L; n = 16)

Replete iron stores (serum ferritin

concentration .25 mg/L; n = 16) All (n = 32)

Iron absorption (mg)

6 mg with meal 1.22 (0.87, 1.72)2,a,* 0.37 (0.25, 0.51)2,a 0.66 (0.48, 0.91)2,a

60 mg with meal 6.00 (4.47, 8.06)b,y 3.17 (2.47, 4.07)b 4.36 (3.51, 5.41)b

60 mg without meal 8.82 (6.75, 11.53)b,z 6.34 (5.54, 7.25)c 7.48 (6.41, 8.71)c

Fractional iron absorption (%)

6 mg with meal 20.4 (14.5, 28.7)2,a,* 5.9 (4.1, 8.5)2,a 11.0 (7.9, 15.2)2,a

60 mg with meal 10.0 (7.4, 13.4)b,y 5.3 (4.1, 6.8)a 7.3 (5.9, 9.0)b

60 mg without meal 14.7 (11.2, 19.2)a,b,z 10.6 (9.2, 12.1)b 12.5 (10.7, 14.5)a

1All values are geometric means; 95% CIs in parentheses. *,y,zSignificantly greater than in women with replete iron stores (independent t test): *P ,
0.001, yP , 0.01, zP , 0.05.

2 Significant difference between group means, P , 0.0001 (repeated-measures ANOVAwith Bonferroni correction). Post hoc analysis: labeled means in

a column without a common letter differed, P , 0.01.
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reach peaks at 4 h and progressively declined but was still
present at 8 h (see Figure 3 for geometric means with 95% CIs;
see Supplemental Figure 1 under “Supplemental data” in the
online issue for plots of individual values for each test meal for
both study groups). At each time point from 1 to 6 h after
baseline, the 60-mg supplementation dose without a meal re-
sulted in a greater increase in the geometric mean serum non–
transferrin-bound iron than that of the same supplemental dose
with a meal (P , 0.05). The difference was not different at 8 h
(P = 0.279). Similarly, the AUC of the increase in serum non–
transferrin-bound iron with the 60-mg supplementation dose
without a meal was greater than that of the same supplemental
dose with a meal (P , 0.0001). With the 6-mg fortification dose
of iron with a meal, increases in serum non–transferrin-bound
iron were at or near lower limits of detection (0.1 mmol/L) of the
non–transferrin-bound iron assay at all time points.

For the 60-mg supplemental iron dose without a meal, the
amount of iron absorbed and AUC for the increase in serum non–

transferrin-bound iron were correlated (Figure 4; R = 0.49, P ,
0.01). In addition, serum ferritin was negatively correlated with
both the peak concentration for the increase in serum non–
transferrin-bound iron at 4 h (R = 20.43, P , 0.05) and the
AUC (R = 20.39, P , 0.05).

The labeling of test meals with stable isotopes of iron (54Fe,
57Fe, and 58Fe) allowed the comparison of the appearance of
isotopes in serum with changes in serum iron for women with
reduced iron stores (Figure 5). For 60-mg supplemental doses of
iron, both with and without a meal, peak serum isotope con-
centrations were observed at 2 h and declined progressively but
were still elevated above baseline at 8 h. For serum iron, peak
concentrations were reached 2 h later at 4 h and also steadily
decreased but remained above baseline at 8 h. For 60-mg sup-
plemental doses of iron given with and without food, the AUC
for both serum isotope appearance and serum iron increase
differed significantly (P , 0.0001 for both). For the 6-mg for-
tification dose of iron, mean (95% CI) peak concentrations for
the serum iron isotope were reached at 1 h [3.1 mmol/L (2.2, 4.1
mmol/L)] and those for serum iron at 4 h [4.5 mmol/L (1.7, 7.4
mmol/L)].

DISCUSSION

These results provide evidence that the production of circu-
lating non–transferrin-bound iron after the oral administration of
ferrous sulfate is determined by the rate and amount of iron
absorbed (Figures 3 and 4). The rate and magnitude of the influx
of ingested iron into the systemic circulation are influenced by
the amount of iron consumed (Table 2), the presence of food
(Figures 1 and 5), and body iron stores (Table 2). Supplemental
doses of iron w1 mg/kg body weight, with or without food,
produced circulating non–transferrin-bound iron despite the
presence of unoccupied binding sites on transferrin (Figures 1
and 3) as observed previously (9, 20–23), evidently as a conse-
quence of iron entering plasma at a rate that surpasses the rate of
iron uptake by plasma transferrin. The greatest amounts of cir-
culating non–transferrin-bound iron arose from the administra-
tion of supplemental doses of iron without food (Figure 3). Little
or no circulating non–transferrin-bound iron resulted from the
consumption of a meal with a fortification dose of iron (Figure
3). In subjects with the greatest need for iron, the administration
of supplemental doses of iron with food produced modest, non-
significant reductions in the total amount of iron absorbed (Table
2) but substantially decreased the production of circulating non–
transferrin-bound iron (Figure 3; see Supplemental Figure 1
under “Supplemental data” in the online issue).

Circulating non–transferrin-bound iron is almost certainly
a heterogeneous mixture of iron complexes of uncertain chemical
composition that vary according to the specific cause and cir-
cumstances of formation (8). Although incompletely characterized,
the pathologic importance of circulating non–transferrin-bound
iron is well established in a variety of disorders (8). No reference
method for the measurement of circulating non–transferrin-bound
iron has been developed. Our measurements (10, 26) were made
by using an adaptation of a chelation-ultrafiltration method (34)
similar to those methods used in the initial reports of the appear-
ance of circulating non–transferrin-bound iron after the oral
administration of iron supplements (9, 20).

FIGURE 1. Mean (95% CI) transferrin saturation during 8 h after an oral
dose of 6 mg Fe with a meal, 60 mg Fe with a meal, or 60 mg Fe without
a meal as FeSO4. Curves display values at each time point for the respective
meal for 25–29 subjects; transferrin saturation data were incomplete at some
time points for 7 iron-replete subjects. Labeled legends indicate that the
AUC for meals without a common letter differed, P , 0.0001 (repeated-
measures ANOVA with Bonferroni correction).

FIGURE 2. Geometric mean (95% CI) hepcidin concentrations during 8 h
after an oral dose of 6 mg Fe with a meal, 60 mg Fe with a meal, or 60 mg Fe
without a meal as FeSO4. Curves display values at each time point for the
respective meal for all 32 subjects. P values for the linear mixed effects
model were as follows: P-time 3 meal effect , 0.01, P-time , 0.001, and
P-meal = 0.71. Note that hepcidin concentrations continued to increase after
peaks of transferrin saturation (Figure 1) and non–transferrin-bound iron
(Figure 3) had been reached at w4 h.
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At steady state during fasting, serum iron is derived pre-
dominantly from the recycling of iron from senescent erythro-
cytes by reticuloendothelial macrophages (35). After the oral
administration of the labeled iron preparations, the appearance of
the iron isotopes coincided with the rapid increase in serum iron
and transferrin saturation during the initial 2 h (Figure 5). With
supplemental doses of iron, non–transferrin-bound iron emerged,
and concentrations rose more rapidly than when the same dose
was given with food. These patterns suggested that the ingested
iron was rapidly absorbed and entered the portal circulation
where any available transferrin would have become saturated
and any remaining absorbed iron would have formed circulating
non–transferrin-bound iron. Much of the circulating non–trans-
ferrin-bound iron within the portal circulation would have been
removed efficiently by hepatocytes (36), but any remaining non–
transferrin-bound iron and saturated transferrin would have en-
tered the systemic circulation. Over the subsequent 2 h, serum
iron isotopes declined even as concentrations of circulating non–
transferrin-bound iron remained relatively constant, and the se-
rum iron and transferrin saturation continued to rise (Figures 3

and 5). These patterns suggested that the bolus of labeled iron in
the systemic circulation was being cleared even as macrophage-
derived iron continued to enter the bloodstream. After 4 h, serum
iron, transferrin saturation, and iron isotopes all fell, approxi-
mately in parallel. All of these remained raised in the last
blood samples taken at 8 h, which suggested that the clearance
of the iron bolus was still incomplete. Between 4 and 8 h, cir-
culating non–transferrin-bound iron formed with the supple-
mental dose of iron given without food also declined but was
still elevated in the last blood sample. With the fortification dose
of iron, any circulating non–transferrin-bound iron formed was
at the limits of detection of our assay. Over the 8 h after iron
administration, serum hepcidin, which is the chief controller of
iron homeostasis, increased significantly from baseline by 4 h
and remained elevated at 8 h (Figure 2). Hepcidin concentrations
may have continued to increase subsequently; in an previous
study, peak concentrations were reached at w12 h (27).

Our short-term study was carried out in healthy women in the
absence of infection and inflammation, but the results should be
broadly applicable to infants and children (11). Although subjects
in the Pemba trial received iron supplements daily for #18 mo
(24), we considered that the overall patterns of the relation be-
tween the formation of circulating non–transferrin-bound iron
and iron absorption were likely to have resembled those shown
in our study (37). Consequently, our findings seem relevant to
those from the Pemba trial, in which a similar supplemental dose
of iron (w1 mg/kg body weight) was given without food (24).
The main trial in Pemba showed overall increased risk of illness
and death with iron and folic acid supplementation but included
no iron-related measures. In a substudy, iron status was evalu-
ated at baseline by the measurement of the erythrocyte zinc
protoporphyrin:heme ratio, and additional surveillance and
treatment of malaria and other infections were provided (24, 38).
In the substudy, risks of hospitalization and death were de-
creased significantly by almost one-half in iron-deficient chil-
dren but increased in those who were initially iron replete. The
WHO Consultation (7) hypothesized that circulating non–
transferrin-bound iron was produced by the bolus doses of iron
given without food to children; our results support this suppo-
sition. The WHO Consultation also speculated that iron-
deficient children might have been protected from the formation
of circulating non–transferrin-bound iron by increased tissue
iron requirements. Our study did not corroborate this possibility;
greater iron use in women with reduced body iron stores was not
protective. In our study, after a supplemental dose of iron
without food, lower serum ferritin concentrations were corre-
lated with increased amounts of serum non–transferrin-bound
iron (R = 0.49, P = 0.006). The highest concentrations of cir-
culating non–transferrin-bound iron were shown in women with
the lowest iron stores after supplemental doses of iron without
food (see Supplemental Figure 1 under “Supplemental data” in
the online issue).

In women with the greatest need for iron, the provision of
supplemental doses of iron with food substantially decreased the
production of circulating non–transferrin-bound iron while re-
sulting in modest reductions in the total amount of iron absorbed
(Table 2). The composition of the meal was a critical factor; in
a previous study with a meal low in inhibitors of iron absorption,
no significant effect on non–transferrin-bound iron production
was observed (9). Still, previous studies with radiolabeled iron

FIGURE 3. Geometric mean (95% CI) increases in concentrations of
non–transferrin-bound iron from baseline (D change) over 8 h after an oral
dose of 6 mg Fe with a meal, 60 mg Fe with a meal, or 60 mg Fe without
a meal as FeSO4. Curves display values at each time point for the respective
meal for all 32 subjects. Labeled legends indicate that the AUC for meals
without a common letter differed, P , 0.05 (repeated-measures ANOVA
with Bonferroni correction).

FIGURE 4. Correlation between the AUC for non–transferrin-bound iron
increase from baseline (Figure 3) and the amount (mg) of iron absorbed for
the test meal administering 60 mg without a meal (R = 0.49, P , 0.01;
Pearson’s correlation). Data for non–transferrin-bound iron increases and the
amount of iron absorbed were analyzed on a log scale. Axis values are back
transformed data presented on a log scale. Dotted lines indicate 95% CIs of
the regression line.
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showed that rice meals, which are known to be inhibitory (39),
produced substantial reductions in iron absorption, but circu-
lating non–transferrin-bound iron was not measured (40). In our
study of women with reduced iron stores, a fortification dose of
iron (w0.1 mg/kg) with the test meal produced no significant
increase in circulating non–transferrin-bound iron, but the
amount of iron absorbed was greatly reduced, again relative to
the amounts observed with a supplemental dose without a meal
(Table 2). In women with replete iron stores, the provision of
supplemental doses of iron with food significantly decreased
both the formation of circulating non–transferrin-bound iron and
iron absorption.

In conclusion, overall, our results provide evidence that the
production of circulating non–transferrin-bound iron was greatly
reduced by giving supplemental doses of iron with food and was
absent or minimal with fortification doses of iron and food. In
areas with a high transmission of malaria and other infections
that lack effective medical services, these findings suggest that
risks of adverse effects from circulating non–transferrin-bound
iron can be reduced by giving supplemental doses of iron with
food and virtually eliminated by using fortification doses of iron
with staple foods.
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