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Abstract

The absorption profile of iron fortificants may be a determinant of their ability to generate nontransferrin-bound iron (NTBI)

and, thus, their potential safety. Ferrous iron may be absorbedmore rapidly than chelated ferric iron, but differences at the

fortification level cannot be distinguished with nonisotopically labeled serum iron curves. Using stable isotope appearance

curves (SIAC) in serum, wemeasured iron absorption profiles from FeSO4 with ascorbic acid (AA) and fromNaFeEDTA, as

well as the serum hepcidin and NTBI response following the meals. Healthy women (n = 16) were given 6 mg oral iron as

labeled FeSO4 and NaFeEDTA with a maize porridge using a crossover design. SIAC, NTBI, and serum hepcidin were

measured over 8 h after the meal. Iron from FeSO4 plus AA was more rapidly absorbed, resulting in a 35% greater relative

AUC during the first 2 h than for NaFeEDTA (P , 0.001). Median (95% CI) fractional iron absorption from the FeSO4- and

NaFeEDTA-fortified meals was 15.2% (11.0–19.5) and 6.0% (5.0–9.2), respectively (P, 0.001). In response to the FeSO4-

fortified meal, there was an;60% increase in median serum hepcidin (P, 0.05) but no significant change in NTBI. There

was no significant change in serum hepcidin or NTBI after the NaFeEDTA-fortified meal. SIAC are a useful new tool to

compare iron absorption profiles from different iron compounds in fortified foods. Even with the use of a very well

absorbed ferrous iron compound, iron fortification in this population does not increase NTBI, suggesting a low risk for

adverse health consequences. J. Nutr. 141: 822–827, 2011.

Introduction

Infants and small children are among the groups most affected
by iron deficiency and food fortification is 1 approach to provide
them with sufficient iron (1). Several iron compounds are used
for food fortification, including ferrous iron as ferrous sulfate,
often combined with ascorbic acid (AA)6 to enhance absorption,
and ferric iron as NaFeEDTA. For foods containing important
levels of phytic acid, NaFeEDTA is the recommended compound
(2). The absorption profile of these 2 compounds may be
different due to differences in their chemical structure, dissolu-
tion in the gastrointestinal tract, and interaction with dietary
inhibitors of iron absorption. This is relevant, because rapid
increases of absorbed iron into the blood may increase gener-

ation of nontransferrin-bound iron (NTBI), which could be
prooxidative or increase growth of pathogens (3).

Hutchinson et al. (4) found a parallel increase in serum iron and
NTBI after the oral administration of 65mg iron as ferrous sulfate.
However, a review on the subject concluded that serum iron curves
were useful only for doses. 25mg iron (5). It is uncertain if serum
iron curves would be useful for lower doses if bioavailability is
high. Stable isotope appearance curves (SIAC) were shown to
detect the appearance of small amounts of absorbed iron and to
distinguish between circulating body iron and iron absorbed from
a test meal (6). They were previously validated as a measure for
iron absorption (7), but this is the first study to our knowledge that
uses the method to compare the absorption profiles of different
iron compounds at the fortification level.

Given the adverse consequences of both too much and too
little iron, its absorption is closely regulated (8). A key mediator
of iron absorption is hepcidin (9). Serum hepcidin concentra-
tions may increase following a large oral iron bolus in response
to the iron influx. Therefore, the combined assessment of ab-
sorbed dietary iron using SIAC, circulating hepcidin, and NTBI
concentrations, as well as red cell iron incorporation would
provide new insights into the efficacy and safety of different iron
compounds used in food fortification. Our hypothesis was that
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iron from ferrous sulfate with AA would be absorbed more
rapidly than iron from chelated ferric iron from an inhibitory
test meal and that this would stimulate a greater increase in
serum hepcidin and NTBI.

Methods

Subjects. Eighteen apparently healthy women between the ages of 18

and 40 y were recruited from the student and staff populations at the

ETH Zurich between November and December 2009. A sample size of

16 was estimated to be sufficient to detect an intra-subject difference of
30% in iron absorption with an a of 0.05 and a b of 0.20. Anticipating a

drop-out rate of 10–15%, 2 additional women were enrolled. Exclusion

criteria were pregnancy and lactation as well as known gastrointestinal

or metabolic disorders. No medication (except oral contraceptives) or
vitamin and mineral supplements were allowed during the study and

none of the participants had donated blood, 4mo before the start of the

study. In addition, C-reactive protein . 5 mg/L was used as exclusion
criteria to avoid the potentially confounding effects of inflammation on

iron metabolism (10). Written informed consent was obtained from all

participants. The study protocol was approved by the ethics committee

at the ETH (Zurich, Switzerland).

Study design. The participants were asked to refrain from eating meat
or meat products and to fast after 2000 h on the day before each of the

study days. On d 1, body weight and height were measured, a flexible

indwelling catheter was placed in the forearm of the participants, and a

baseline blood sample was collected. One-half of the participants
received 6 mg iron as isotopically labeled 58FeSO4 with 45mg AA (molar

ratio AA:Fe, 2:1) and the remaining participants received 6 mg iron as

isotopically labeled Na57FeEDTAwithout AA in a moderately inhibitory

maize porridge. In addition, they received 300 g deionized water that
was used to rinse the bowl and was then consumed. The participants

were instructed to eat the whole meal and to drink all the water.

Blood samples were collected at 30, 60, 120, 240, and 480 min after
administration of the iron. Four hours after the first meal, the partici-

pants received a cheese sandwich and were allowed to drink deionized

water ad libitum. After the last blood sample, the catheter was removed

and the participants received a snack. The catheter was regularly flushed
with normal saline solution to maintain patency between the blood

samples.

One week later (d 8), the protocol was repeated with the test meal

with the alternate iron compound. The meals were separated by 7 d so
that absorption of iron from the first test meal would not influence

absorption of the second test meal. Fourteen days after the second test

meal (d 22), a fasting blood sample was collected.

Test meals. The test meal consisted of 60 g partially degermed maize

flour (0.4 g/100 g phytic acid and 1.8 mg/100 g iron), 200 g deionized

water (18 mol/L), and 5 g sugar. The porridge was cooked the day before
the study. Once it had cooled to room temperature, evaporated water

was replaced and samples of 265 g were weighted into porcelain bowls.

These were stored at 48C overnight and then heated to 34–388C. Just
before consumption, 6 mg labeled iron (57Fe or 58Fe) and AA (DSM
Nutritional Products) where appropriate were directly added to the test

meal. The ratio of AA:iron used is recommended to effectively enhance

iron absorption from meals with low to medium levels of inhibition of
iron absorption (11). We anticipated the AA would enhance the ab-

sorption of the FeSO4 to levels comparable with iron absorption from

NaFeEDTA.

Preparation of stable isotope labels. The isotopically labeled 58FeSO4

was prepared from isotopically enriched elemental iron (Chemgas) by

dissolution in dilute sulfuric acid. The isotopically labeled Na57FeEDTA

was prepared using the method described by Loots et al. (12). Isotopic
enrichment was 97.8% for Na57FeEDTA and 99.5% for 58FeSO4.

Measurements of blood indicators and isotopic composition in

blood. Hemoglobin was measured in whole blood on the day of

collection using an automated Coulter counter (AcT8 Counter; Beckman

Coulter) with 3-level control materials provided by the manufacturer.

Serum ferritin and C-reactive protein were measured on an IMMULITE
One automatic system (Siemens Healthcare Diagnostics).

Serum and whole blood samples were mineralized and separated

according to the method described by Schoenberg and von Blanckenburg

(13). Isotopic analysis was performed using a high-resolution, multi-
collector inductively coupled plasma mass spectrometer (Neptune;

Thermo-Finnigan) (14). The serum hepcidin concentrations were mea-

sured at the Laboratory of the Department of Clinical Chemistry,

University Medical Centre Nijmegen (The Netherlands) using exchange
chromatography and surface-enhanced laser desorption/ionization time-

of-flight MS (15,16). Total iron-binding capacity and serum iron were

measured using the method described by Bothwell (17). They were used
to calculate transferrin saturation (serum iron/total iron-binding capac-

ity 3 100). The serum aliquot for NTBI was prepared and iron content

was determined using graphite furnace AAS (AA240Z, Varian) as

described by Gosriwanata et al. (18).

Calculation of iron absorption. Circulating iron was calculated on the

basis of the blood volume, which was estimated from height and weight

according to Brown et al. (19). Calculation of iron absorption was based
on the shift in the isotopic ratios after a 14-d incorporation period as

described in detail by Walczyk et al. (20). Serum isotope concentrations

were calculated according to the principle of isotope dilution (20,21).

Data analysis. Data processing and statistical analyses were done using

PASW (formerly SPSS) software (version 18.0; IBM SPSS) and Excel

(Microsoft Office 2003; Microsoft). The normality of the data was
assessed before analysis by using a Shapiro-Wilk test and graphically by

evaluating histograms and Q-Q plots. Normally distributed data were

expressed as mean 6 SD. Variables that were not normally distributed

were expressed as medians with a bootstrapped 95% CI using 1000
resamplings (22,23). For C-reactive protein, median and range were used

to demonstrate the agreement with the inclusion criteria. Because many

hepcidin values were expected to be below the detection limit of

0.5 nmol/L, the median with the range was used as the descriptive
statistic. To obtain optimal normalization, logarithmical transformation

was used for fractional absorption and AUC. Where normalization was

not achieved with logarithmic transformation, we used nonparametric
tests.

Changes over the time were evaluated using 1-way repeated-

measures ANOVA followed by a post hoc Bonferroni test for multiple

comparisons for normally distributed or normalized variables. Param-
eters that could not be normalized were analyzed using a Kruskal-Wallis

test. Moreover, the change from baseline to peak was evaluated using

paired t tests. The AUC for the appearance of iron isotopes in the serum

was calculated by the trapezoidal rule. Absorption measured as
incorporation into the erythrocytes and as AUC for the stable isotopes

in the serum was compared by calculating the Pearson correlation

coefficient. To facilitate comparisons between the AUC from the 2
compounds, curves were standardized relative to the total isotopes

measured in the serum over 8 h. The differences for the 2 compounds

regarding the AUC at the various time intervals and for total AUC were

evaluated using paired t tests. Multiple linear regression was done with
log fractional iron absorption as the dependent variable, including log

total AUC, iron compound, serum ferritin, BMI, hemoglobin, C-reactive

protein, and baseline and mean hepcidin as covariates. P , 0.05 was

considered significant.

Results

Eighteen women were recruited, but 1 decided not to participate
and another was excluded due to an elevated C-reactive protein
concentration on the day of the second meal. The women had
moderate to low iron status, showed no signs of infection, and
were in the normal range for BMI (Table 1). Baseline hepcidin
andNTBI concentrations did not differ between the 2 study days
(Table 1).
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There was no change from baseline or trend over time in
serum iron concentrations after consumption of the test meals
(Fig. 1), and serum iron and transferrin saturation (data not
shown) did not significantly differ between compounds at any
time point. In contrast, there was a large difference in the SIAC
profiles following the meals containing FeSO4 and NaFeEDTA;
the total absolute AUC of the SIAC was significantly greater for
the FeSO4-fortified meal (Fig. 1; Table 1) (P , 0.001). Also,
fractional absorption and total absorbed iron were significantly
greater following the meal containing FeSO4 than after the meal
containing NaFeEDTA (Table 1).

To compare the shape of the SIAC resulting from the 2 meals,
curves were standardized relative to the AUC over 8 h. During
the first 2 h, the relative AUC for the appearance of absorbed
iron from the meal containing FeSO4 was 35% greater than
from the one containing NaFeEDTA (P , 0.001) (Fig. 2). In
contrast, from 2 to 8 h, the relative AUC was 20% greater
following the meal containing NaFeEDTA (P , 0.001) and the
peak SIAC at 120 min was 12% higher following this meal
compared with the one containing FeSO4 (P , 0.01).

The correlations between the log-transformed fractional
absorption and AUC for the meals containing the compounds
are shown in Figure 3 (P , 0.001 for both separate and
combined). The iron compound was the only predictor of iron
absorption (r = 0.54; P, 0.001), whereas other variables tested,
including serum ferritin, hemoglobin, BMI, and baseline and
mean serum hepcidin, were not significant predictors.

Serum hepcidin did not significantly differ before consump-
tion of the test meals containing FeSO4 and NaFeEDTA.Median
serum hepcidin increased by 60% following the meal contain-
ing FeSO4 from a baseline median (range) value of 0.5 nmol/L
(0.5–1.3 nmol/L) to the peak value of 1.6 nmol/L (0.5–5.3 nmol/L)
at 8 h (P , 0.05). Because of greater variability of the hepcidin

response, the increase in serum hepcidin after consumption
of the meal fortified with NaFeEDTA was not significant (P =
0.404), increasing from 0.5 nmol/L (0.5–3.5 nmol/L) to 1.5 nmol/L
(0.5–9.1 nmol/ L). NTBI concentrations following the meals
containing the 2 compounds did not significantly differ at any
time point and there was no significant increase in NTBI after
either test meal (data not shown).

Discussion

The main findings of this study are: 1) iron from a meal fortified
with FeSO4 plus AAwas more rapidly absorbed during the first
2 h than iron from the same meal fortified with NaFeEDTA; 2)
even fortification with a very well absorbed ferrous compound
in this population did not increase NTBI; and 3) SIAC are a
useful new tool to compare iron absorption profiles from dif-
ferent iron compounds in fortified foods. In this study, SIAC

FIGURE 1 Serum iron and stable isotope concentrations during the

8 h after an oral dose of 6 mg iron as 58FeSO4 with AA or Na57FeEDTA

in healthy women. Curves are from means, n = 16.

TABLE 1 Baseline characteristics of the healthy women
participating in the study and measures of iron
bioavailability from the meal with added FeSO4 with
AA and NaFeEDTA labeled with stable isotopes1

Indicator

Hemoglobin, g/L 135 6 8

Serum ferritin, mg/L 32.3 6 12.9

Serum iron, mmol/L 25.2 6 9.6

Transferrin saturation, % 26.1 6 13.3

Prevalence of iron deficiency,2 % 12.5

Prevalence of iron deficiency anemia,3 % 0

Serum C-reactive protein, mg/L 0.3 (0.3–1.1)

BMI, kg/m2 20.9 6 1.6

Serum hepcidin, nmol/L 0.5 (0.5–11.3)

NTBI, mmol/L 0.089 [20.002–0.181]

Fractional absorption, %

Meal containing iron as FeSO4 with AA 15.2 [11.0–19.5]

Meal containing iron as NaFeEDTA 6.0 [5.0–9.2]*

AUC, min � mmol/L
Meal containing iron as FeSO4 with AA 674 [485–858]

Meal containing iron as NaFeEDTA 211 [179–367]*

Absorbed iron, mg

Meal containing iron as FeSO4 with AA 0.92 [0.67–1.20]

Meal containing iron as NaFeEDTA 0.36 [0.29–0.55]*

1 Values are mean 6 SD, median (range), median [95% bootstrapped CI], or

percentage, n = 16. *Different from meal containing iron as FeSO4 with AA, P , 0.05.
2 Defined as serum ferritin , 12.0 mg/L (24).
3 Defined as hemoglobin , 120 g/L and serum ferritin , 12.0 mg/L (24).

FIGURE 2 Circulating mean serum isotopes relative to total AUC

during the 8 h after an oral dose of 6 mg iron as 58FeSO4 with AA or

Na57FeEDTA in healthy women, n = 16.
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resolve a clear difference between the profile for NaFeEDTA and
FeSO4 with AA too subtle to be picked up by total serum iron
curves. In a previous study using a dose of oral iron of 120 mg,
.10 times higher than the dose used in this study, total serum
iron curves did not demonstrate such qualitative differences in
the absorption profiles for iron from NaFeEDTA and ferrous
sulfate (25). In our first study using SIAC with iron at the
fortification level, the isotopes were measured in whole blood
(6); in this study, we measured them in serum, which improved
sensitivity and resolution.

Total serum iron at baseline was in the expected range
(26,27) and did not significantly change during the study.
Whereas some studies reported a diurnal increase (26–28),
others found a decrease (29) or inconsistent results (30,31).
Serum iron was proposed as an alternative to measuring iron
absorption using isotopes (26). Studies that found a correlation
between absorbed iron and serum iron increase or AUC of the
serum iron curve used larger doses (4,7,32,33). In our study,;0.9
and ;0.4 mg iron was absorbed from FeSO4 and NaFeEDTA,
respectively. At such doses, inter- and intra-individual differences
in total serum iron mask the appearance of absorbed iron in
the serum.

The absorption of iron from the meal with FeSO4 and AAwas
significantly higher than from the one with NaFeEDTA. The
molar ratios of phytic acid and AA:iron were 3:1 and 2:1,
respectively. In contrast, an earlier isotope study using a similar
phytic acid:iron ratio and an AA:iron ratio of 1.6:1 resulted in
similar bioavailability from FeSO4 and NaFeEDTA (34). In
another study, iron absorption was comparable when EDTA and
AAwere added to a less inhibitory meal at a ratio of 0.7 and 0.6,
respectively (35). Increasing the ratio of AA:iron to.1.1 further
improved bioavailability, whereas increasing EDTA to.1.1 had
no beneficial effect (36). Considering the phytic acid:iron ratios,
the test meal used in this study was less inhibitory than in the
first study (34) and more inhibitory than in the second (36). This
emphasizes that EDTA enhances iron absorption only from
high-phytic acid meals, whereas AA also enhances absorption
from low-inhibitory meals (25,37).

To our knowledge, this is the first study showing that
fortification levels of iron can stimulate an acute hepcidin
response. The hepcidin response to an increase in serum iron
may be mediated by an increase in diferric transferrin (38). The
amount of iron absorbed from the meal with FeSO4 plus AA, but
not from the one with NaFeEDTA, was sufficient to trigger this
response, but did not significantly affect transferrin saturation.
However, transferrin saturation measured in the peripheral
blood may not entirely reflect changes within the portal system;
a local increase in diferric iron due to influx of dietary iron in the
portal system may be sufficient to trigger the hepcidin response.
Because the labeled test meal method does not differentiate
between iron absorption and utilization, it is not possible to say
whether there was any effect of the acute elevations in hepcidin
on iron utilization, but our results do not suggest that the acute
rise in hepcidin after absorption of an iron fortificant reduces
overall bioavailability. A recent study from our group showed a
significant indirect correlation between hepcidin levels during
inflammation and iron absorption, but not iron utilization (39).
Although it is conceivable that the delayed absorption of iron
from NaFeEDTA may result in a later hepcidin response that
would only become apparent after .8 h, our findings suggest
that the iron absorption threshold for a hepcidin response lies
somewhere between ;0.4 and ;0.9 mg in this population.
These data may be useful to increase the efficacy of fortification
programs, because it would be beneficial to minimize the acute
hepcidin response to maximize absorption from subsequent
fortified meals.

Circulating NTBI has been described in iron overload in
b-thalassemia (40), hemochromatosis (41), and dialysis patients
(42,43). However, even in healthy adults, 10- to 100-mg doses of
oral iron can produce a marked increase in NTBI (44). NTBI is
one of the proposed links between iron supplementation and
increased morbidity and mortality in malarial areas (3); this may
be due to increased oxidative stress (45), increased iron available
to the parasite (46), and/or increased sequestration of infected
erythrocytes (47). Although iron from the meal with FeSO4 was
absorbed more rapidly, neither evoked a detectable increase in
NTBI, suggesting that fortification levels of iron given with food
are unlikely to generate NTBI. No gold standard for measuring
NTBI exists and different assays show significant inter-method
differences (48). However, with higher supplemental oral iron
doses, our assay detects clear increases in NTBI (B. Troesch, I.
Egli, C. Zeder, R. Hurrell, M. Zimmermann, unpublished data).
Therefore, we think that the lack of increase in NTBI in the
present study indicates only negligible amounts are present that
are below the detection limit of the assay.

The relative SIAC profiles showed that during the first 2 h
after ingestion, iron from the meal with FeSO4 was rapidly
absorbed and cleared from the serum. This clearance rate is
comparable with an earlier study estimating clearance of radio-
active isotopes from the plasma (49). In contrast, the peak in
iron absorption from the meal with NaFeEDTA is delayed and
the serum isotope concentrations remain at higher levels for
longer. A likely explanation for this is that water-soluble, ferrous
iron with AA more rapidly solubilizes in the upper gastrointes-
tinal tract and is readily available for absorption through the
divalent metal transporter 1. Ferric iron chelated by EDTA is
gradually released as pH rises in the upper duodenum and the
ferric iron then needs to be reduced before absorption. This
results in a slower, more sustained absorption profile. Although
these mechanisms have been described in detail (50–52), this is
the first time to our knowledge that they were directly measured
in humans. Thus, in addition to quantifying iron bioavailability,

FIGURE 3 Correlation between log-transformed fractional absorp-

tion measured by erythrocyte incorporation and AUC of circulating

stable isotopes after an oral dose of 6 mg iron as 58FeSO4 with AA or

Na57FeEDTA in healthy women over 8 h, n = 16. The equation

describes the combined regression of the 2 compounds, P , 0.001.

Iron absorption profiles from fortification iron 825
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SIAC may also provide insight into the more subtle, qualitative
aspects of iron absorption from food fortificants.
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