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ABSTRACT
Background: Ready-to-use-therapeutic foods (RUTFs) high in lipid,
protein, and iron are used to treat malnutrition. Lipids increase gastric
residence time, which could increase iron absorption, particularly
from poorly soluble iron compounds and in combination with phytase.
Objectives: The objectives were to 1) assess the effect on iron
absorption of a lipid emulsion given 20 min before or together with
an iron-fortified maize meal and 2) assess iron absorption from a
micronutrient powder (MNP) given with a nutrient-dense RUTF
and/or a microbial phytase.
Design: A total of 41 women participated in 3 studies. They con-
sumed a maize meal fortified with isotopically labeled ferrous sulfate
(FeSO4; study 1) or ferric pyrophosphate (FePP; study 2). In studies 1
and 2, a lipid emulsion was given with or 20 min before the meal. In
study 3, with the use of a 23 2 factorial design, subjects consumed a
maize meal fortified with an MNP containing labeled FeSO4 (MNP)
given with an RUTF (MNP+RUTF), with a phytase (MNP+phytase),
or both (MNP+RUTF+phytase). Iron absorption was assessed by iso-
tope incorporation in erythrocytes 14 d after the test meals.
Results: The lipid emulsion given either before or with the meal
significantly increased iron absorption from FePP by 2.55-fold
(95% CI: 1.48-, 4.37-fold; P = 0.001) but not from FeSO4. There
was a trend to increase iron absorption with the MNP+RUTF meal,
which did not reach significance (1.21-fold; 95% CI: 0.92-, 1.61-fold;
P = 0.060). The addition of phytase to MNP and MNP+RUTF sig-
nificantly increased iron absorption by 1.85-fold (95% CI: 1.49-, 2.29-
fold; P , 0.001), with no interaction between phytase and RUTF.
Conclusions: In iron-fortified maize-based meals, the addition of
lipids more than doubles iron absorption from FePP. Our results
suggest the possibility of an enhancing effect on iron absorption
of lipid-rich RUTFs, but more research is needed to determine this.
This trial was registered at clinicaltrials.gov as NCT01991626.
Am J Clin Nutr 2017;105:1521–7.
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INTRODUCTION

Iron deficiency anemia is a major public health problem,
particularly among infants, children, and women of childbearing

age (1, 2). One of the major causes is low dietary iron bio-
availability (3). Iron deficiency anemia and infant malnutrition
can be reduced in infants and children through the consumption
of iron-containing micronutrient powders (MNPs)5 added to
complementary foods (4) and ready-to-use therapeutic foods
(RUTFs) (5–7).

Compared with MNPs, RUTFs are rich in lipid and protein and
are calorie dense, a benefit compared with MNPs. However, complex
food matrixes rich in lipid and protein may inhibit iron absorption
(8). On the other hand, higher calorie loads and lipid ingestion
delay gastric emptying and increase gastric residence time (GRT)
(9, 10). Longer GRT could allow greater time for iron dissolution
at a low pH and could increase iron absorption, particularly from
iron compounds such as ferric pyrophosphate (FePP) and elec-
trolytic iron, which require a low pH to release iron.

Iron absorption from MNPs can be increased by using ex-
ogenous phytase of microbial origin (11). This phytase has 2
activity maximums, at pH 2.0 and pH 5.0, and is active in the
stomach (12). The combination of RUTFs and phytase could be
particularly efficacious: delayed gastric emptying could extend
the time that phytase could be active in the stomach before it is
degraded, and further increase iron absorption. Such an effect
would allow a reduction in the amount of iron added to these
products. However, if the complex protein-rich matrix of RUTFs
inhibits iron absorption (8), their iron content should be in-
creased. Providing lower doses of highly bioavailable iron is
of particular interest for regions with a high burden of infection
(13), because high doses of oral iron in these regions may in-
crease risk (14, 15).
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Our study objectives were to assess, in iron-fortified maize-
based meals, the following: 1) the effect of a lipid bolus and
the timing of its administration on iron absorption from ferrous
sulfate (FeSO4) compared with FePP and 2) the effect of a
nutrient-dense RUTF on iron absorption and if the enhancing
effect of phytase would be more pronounced when co-
administered with an RUTF. Our corresponding hypotheses
were as follows: 1) iron absorption would be increased by a lipid
bolus given either with or before the meal, and this enhancing
effect would be greater for FePP than for FeSO4; and 2) iron
absorption would be greater from an MNP given with an RUTF
than from an MNP alone, and the addition of phytase to an MNP
given with an RUTF would increase iron absorption to a greater
extent than the addition of phytase to an MNP alone.

METHODS

Subjects

Healthy young women (n = 54) were recruited from the
student population of the ETH Zürich and the University of
Zurich, Switzerland. Inclusion criteria were as follows: 1) age
18–45 y, 2) body weight ,65 kg, 3) BMI (in kg/m2) of 17.5–25,
4) not pregnant or lactating, 5) no known gastrointestinal or
chronic inflammation, 6) no chronic medication use (except for
oral contraceptives), 7) no intake of vitamin and mineral sup-
plements or the willingness to discontinue use 2 wk before the
start of the study, and 8) no blood donation or significant blood
loss ,4 mo before the start of the study. Written informed
consent was obtained from all of the subjects. The study pro-
tocol was approved by the ethics committee at ETH Zürich and
registered in the public clinical trial database clinicaltrials.gov
as NCT01991626. The sample size of 14 women/study was suf-
ficient to detect an intrasubject difference of 30% in iron ab-
sorption, with an a level of 0.05 and a b level of 0.20.

Study design

Subjects were enrolled in 3 separate studies (Figure 1,
Supplemental Figures 1–3). Body weight and height were

measured at enrollment. In all 3 studies on each day before a
study day when isotopic labels were administered, subjects were
asked to fast after 2000 and not to drink after 2400. A pilot MRI
study was conducted (methods reported in Supplemental
Methods) to assess the effect of consuming RUTFs on GRT
(results reported in Supplemental Figure 4 and Supplemental
Results).

In study 1, after baseline venipuncture (day 1), 3 meals were
served over 3 subsequent days with the use of 3 different stable
iron isotopes administered as an aqueous solution of 54FeSO4,
57FeSO4, and

58FeSO4. The meals consisted of the following: 1)
maize alone, 2) maize consumed with a lipid emulsion (com-
position shown in Table 1), and 3) maize consumed 20 min after
the consumption of the lipid emulsion. After 14 d of in-
corporation (day 16), a final blood sample was collected for the
determination of isotopic composition in red blood cells and
subsequent calculation of iron absorption.

In study 2, meals were identical to study 1, but FePP (57FePP)
replaced FeSO4 as the iron fortification compound. Isotopically
labeled FePP (57FePP) was manufactured with a downscaled
procedure identical to the commercial manufacturing process in
a single batch. Because we used only one iron isotope for FePP,
test meals were administered with a 14-d interval, allowing a
14-d erythrocyte incorporation period. The isotopic composition
assessed after the first incorporation period was used as a new
baseline to measure subsequent iron incorporation from the
following meals. Blood samples were drawn on each study day
and at the end of the study (days 1, 15, 29, and 43).

In study 3, with the use of a 2 3 2 factorial design, subjects
were served 4 different meals based on whole maize, with a 14-d
interval (days 1, 15, 29, and 43), fortified with an MNP (in-
gredients shown in Table 2) given with the following: 1) an
RUTF (ingredients described below; Table 1; MNP+RUTF), 2)
phytase (full description below; MNP+phytase), 3) both an
RUTF and phytase (MNP+RUTF+phytase), or 4) neither
(MNP). Iron was administered as labeled ferrous sulfate (dried)
powder (57FeSO4), which was, similarly to study 2, manufac-
tured in a single batch with a downscaled process similar to that
used in commercial manufacturing. The RUTF used in study 3

FIGURE 1 Schematic representation of the study design of the 3 iron absorption studies. In study 1, iron absorption from a maize meal fortified with
FeSO4 provided with or without a lipid emulsion that was given concomitantly or 20 min before the maize meal is shown. In study 2, a similar design was
used, but the maize meal was instead fortified with FePP. In study 3, MNPs or RUTFs were fortified with FeSO4 and were given with and without the addition
of microbial phytase by using a 2 3 2 design. In all 3 studies, test meal administrations were randomly assigned, and each subject acted as her own control.
FePP, ferric pyrophosphate; FeSO4, ferrous sulfate; MNP, micronutrient powder; RUTF, ready-to-use therapeutic food.
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had comparable energy and phytic acid contents to the lipid
emulsion given in studies 1 and 2. Blood samples were drawn on
each study day and 14 d after the last meal (days 1, 15, 29, 43,
and 57).

The order of the different test meals was randomized and
balanced in all studies, and subjects were allocated by the
principal investigator to the different administration schedules by
using random numbers generated by a spreadsheet program
(Microsoft Excel, RAND function). Test meals were served in the
morning between 0700 and 0900 with 200 mL high-purity water
under close supervision. No food or drink was allowed for 3 h
after meal intake. Fasting venous blood was drawn into EDTA-
treated tubes for study 1 on days 1 and 16; for study 2 on days 1,
15, 29, and 43; and for study 3 on days 1, 15, 29, 43, and 57. Iron
absorption assessment was based on the shift in the isotopic ratio
after a 14-d erythrocyte incorporation period (16, 17).

Test meals

The standardized base for all test meals was a 60-g portion of
whole-grain maize flour cooked in 200 g high-purity water
(18 MV $ cm) sweetened with 5 g sugar. After cooking and
cooling to room temperature, water was added to compensate
for evaporation. Portion size was decreased to 45 g maize flour
when 60 g RUTF was added to the maize meals in study 3.
Single portions were weighed on plastic plates, stored at2208C,
and then heated to 34–388C in a microwave oven before con-
sumption. Four milligrams of isotopically labeled iron, 8 mg Fe
with normal isotopic composition, and 40 mg ascorbic acid were
added before serving directly to the maize (all meals in studies 1
and 2 and to MNP and maize in study 3) or incorporated into the
RUTF with the MNP (to the other 2 fortified meals in study 3).

The compositions of the MNP and the RUTF are shown in Ta-
bles 1 and 2, respectively.

A single portion of 60 g RUTF (Table 1) consisted of 25%
peanut oil (Erdnussöl, Florin), 25% roasted peanut paste,
25% icing sugar (Coop), and 25% skim milk powder
(Magermilchpulver, Coop). Ingredients were blended at ETH
Zürich by using a food mixer (HM6121, Moulinex). RUTF was
produced in bulk for the entire study and stored at 2208C in
portions of 600 g, which were transferred to a refrigerator at 48C
the evening before each study day. A single portion of 55 g lipid
emulsion contained the following: 27 g peanut oil, 1 g lecithin
(Soja-Lecithin, Morga), 9 g skim milk powder, and 18 g high-
purity water. Emulsions were prepared on the day before each
study day of studies 2 and 3 with the use of a mixer (HB714,
Kenwood) and stored at 48C. Meals were consumed under close
supervision, and plates were rinsed twice with 10 mL high-
purity water after meal completion to ensure full intake of the
iron.

Stable isotope labels

Isotopically labeled compounds for study 1 (54FeSO4,
57FeSO4, and

58FeSO4) were prepared as solutions from iso-
topically enriched elemental iron (99.8% 54Fe, 96.8% 57Fe, and
99.8% 58Fe, respectively; Chemgas) by dissolution in dilute
sulfuric acid, and kept under argon atmosphere to maintain the
iron in its +II oxidation state (18). Isotopically labeled FePP
(study 2, 57FePP) and dried FeSO4 (study 3, 57FeSO4) were
prepared as powders by Dr. Paul Lohmann GmbH from iso-
topically enriched elemental iron (99.8% 57Fe; Chemgas) with
the use of a downscaled procedure similar to their industrial-
scale process.

Phytase

We used a purified recombinant phytase from Aspergillus
niger (DSM Phytase, 20.000G; DSM Nutritional Products).
Phytase activity is measured as the amount of enzyme that lib-
erates 1 mmol inorganic phosphorus/min and is called a phytase

TABLE 1

Composition of the lipid emulsion and the RUTF used in the study1

Lipid emulsion

(per 55-g portion)

RUTF

(per 60-g portion)

Energy, kcal 277.3 334.8

Protein, g 3.2 9.1

Sugar, g 4.7 23.3

Lipids, g 26.9 22.5

Iron, mg 0.1 0.5

Zinc, mg 0.4 1

Sodium, mg 49.9 83.3

Calcium, mg 118.5 204.1

Magnesium, mg 11.1 44.3

Phosphorus, mg 90.3 206.3

Chlorine, mg 0 151.4

Retinol, mg 1.3 1.8

Vitamin E, mg 2.8 3.9

Thiamin, mg 0 0.2

Riboflavin, mg 0.2 0.3

Niacin, mg 0 2.4

Vitamin B-6, mg 0 0.1

Vitamin B-12, mg 0 0.6

Folic acid, mg 4.5 24

Vitamin C, mg 0.9 1.5

Fiber, g 0 1.2

Phytate, mg — 122.85

Polyphenols, mg — 51.75

1 RUTF, ready-to-use-therapeutic food.

TABLE 2

MNP constituents added to all test meals (1 g) in study 31

Ingredient Quantity, g/kg

Dry vitamin A palmitate, .250,000 IU/g 3.466

Dry vitamin D3, .100,000 IU/g 5.200

Dry vitamin E, .500 IU/g 32.780

Dry phylloquinone, .5% 1.560

Thiamine mononitrate 1.542

Riboflavin 1.260

Pyridoxine hydrochloride 1.532

Folic acid, 10% potato malt 2.250

Niacinamide 13.200

Trisodium citrate 20.000

Vitamin B-12, .0.1% 2.250

Copper gluconate 5.346

Potassium iodide, 10% on potato maltodextrin 0.968

Sodium selenite, 1% on cornstarch 8.200

Zinc gluconate 44.140

Iron 0

1MNP, micronutrient powder.
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unit (FTU). Assuming an activity of w60% at gastric pH and a
GRT of w60 min, 10 FTUs were necessary to degrade 1 mmol
phytate. Therefore, a quantity of w130 FTUs was necessary to
adequately degrade 0.5 g phytic acid (see Results); and to ensure
full degradation of the phytic acid present in the test meals, 190
FTUs were used.

Test meal analysis

The iron concentration in maize was measured by graphite-
furnace atomic absorption spectrophotometry (AA240Z; Agi-
lent) after mineralization by microwave-assisted digestion (MLS
ETHOSplus; MLS). Phytate concentration was measured by
using a modification of the Makower method (19) in which
cerium replaced iron in the precipitation step. Inorganic phos-
phate concentration was determined after mineralization
according to Van Veldhoven and Mannaerts (20) and converted
into phytate concentration. A modified Folin-Ciocalteu method
(21) was used to determine total polyphenol concentration in the
peanut paste, expressed as gallic acid equivalents. It was assumed
that refined peanut oil, skimmed milk powder, and icing sugar
contain negligible amounts of iron and phytic acid and poly-
phenols. Thus, iron, phytic acid, and polyphenol concentrations
in RUTFs were calculated on the basis of the analyzed values
obtained from the peanut paste.

Blood analysis and iron isotope measurements

Hemoglobin was measured in whole blood on the day of
collection with a Coulter counter (AcT8 Counter; Beckman
Coulter) with 3-level control materials provided by the manu-
facturer. Plasma ferritin (PF) and C-reactive protein (CRP) were
measured with an Immulite 2000 automatic system (Siemens
Healthcare). Anemia was defined as hemoglobin ,11.7 g/dL
(consistent with the reference range of the University Hospital
Zurich), iron deficiency was defined as PF ,15 mg/L, and in-
flammation was defined as CRP .5 mg/L.

Whole-blood samples were mineralized by using concentrated
nitric acid by microwave-assisted digestion (MLS UltraWAVE;
MLS), and iron was separated by anion-exchange chromatog-
raphy (22). Iron isotope ratios were determined with a multi-
collector double-focusing inductively coupled mass spectrometer
(MC-ICP-MS Neptune; Thermo Finnigan) after a precipitation
step with ammonium hydroxide for samples from study 2 (22) or
after extraction into diethyl ether followed by negative thermal
ionization mass spectrometry (16) for samples from studies 1 and
3 (MAT 262; Finnigan MAT) at ETH Zürich.

Calculation of iron absorption

Height and weight were used to estimate blood volume, which
was used to calculate circulating iron (23). The calculation of the
fractional absorption of iron was conducted assuming an 80%
incorporation into red blood cells (16).

Statistical methods

Statistical analysis was performed with IBM SPSS Statistics
(version 22). All of the data were log-transformed before anal-
ysis. Assuming a 30% difference in iron absorption to be a
nutritionally relevant effect, and based on the SD in past studies

conducted at the Human Nutrition Laboratory, a sample size of 14
subjects was required; with consideration of attrition, 16 subjects
were recruited. Each study was analyzed separately because
subjects acted as their own controls. Iron absorption was the
dependent variable in all models, and data were fit by using linear
mixed models with the presence of phytase, RUTF, and the in-
teraction term phytase 3 RUTF as fixed factors and subjects as
random factors (intercept). If an effect was found, post hoc
analyses were carried out to test differences between individual
test meals (Fisher’s least significant difference post hoc tests).
No correction for multiple comparisons was performed. Data
from studies 1 and 2 were also analyzed together with a linear
mixed model by using compound, presence of lipid emulsion,
and the interaction term compound 3 lipid emulsion as fixed
factors with subjects as the random factor. In all of the models,
iron status expressed as PF was tested as a covariate. To allow
comparison between studies, absorption data were adjusted to
the geometric mean PF value for all 3 studies (27.1 mg/L) by
using the formula proposed by Cook et al. (24). Parameter es-
timates are listed together with the 95% CIs and corresponding
P values.

RESULTS

Fifty-five subjects were assessed for eligibility. Six subjects
decided not to participate. Forty-eight subjects (16 subjects/study)
were assigned to the meal administration schedules. One subject
could not consume the lipid emulsion, and 6 dropped out because
they lost interest (2 dropouts/study); thus, 41 subjects com-
pleted the 3 studies (Supplemental Figure 1). Subject characteristics
are shown in Table 3. No subject had anemia or inflammation. The
prevalence of iron deficiency was 22% (9 of 41).

Mean 6 SD iron contents of unfortified maize flour and
peanut paste were 1.77 6 0.10 and 1.81 6 0.06 mg/100 g, re-
spectively; thus, native iron content was 1.06 mg for all test
meals. The mean 6 SD phytate content was 883 6 59 mg/100 g
for maize flour and 819 6 59 mg/100 g for peanut paste, which
provided between 520 and 530 mg phytate/meal in meals con-
taining maize and RUTF and maize only, respectively. The
molar ratio of phytic acid to iron in the fortified test meals was
3.5:1. The mean6 SD content of total polyphenols in the peanut
paste was 345 6 23 mg gallic acid equivalents/100 g.

In studies 1 and 2, when data were pooled for analysis, the
presence of a lipid emulsion (P = 0.014) and iron compound
(P , 0.001) significantly affected iron absorption and there
was a significant interaction between the iron compound and the
presence of a lipid emulsion (P = 0.012). However, the lipid
emulsion did not significantly affect iron absorption from FeSO4

(Table 4), but increased fractional iron absorption from FePP by
2.55-fold (95% CI: 1.48-, 4.37-fold; P , 0.001; Table 4), which
was reflected in a change from 0.19% to 0.50% in fractional iron
absorption. The timing of intake of the emulsion (20 min before
or with the test meal) did not influence iron absorption from
FeSO4 or FePP. Overall iron absorption from the maize meal
fortified with FeSO4 was 3.51-fold higher (95% CI: 2.17-, 9.31-
fold; P = 0.003) than that from FePP.

In study 3, phytase increased iron absorption by 1.85-fold
(95% CI: 1.49-, 2.29-fold; P , 0.001) from MNP and MNP
+RUTF. Although there was a trend to increase iron absorption
with the MNP+RUTF meal, this did not reach significance
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(1.21-fold; 95% CI: 0.92-, 1.61-fold; P = 0.060; Table 5). There
was no significant interaction between the RUTF and phytase on
iron absorption (P = 0.623).

There was a significant correlation of PF with iron absorption
for all 4 study meals in study 3: MNP, MNP+phytase, MNP
+RUTF, and MNP+RUTF+phytase showed Spearman r values
of 20.644 (P = 0.013), 20.789 (P = 0.01),20.886 (P , 0.001),
and 20.754 (P , 0.001), respectively. In study 3, PF was also a
significant predictor (P = 0.012) of iron absorption in the linear
mixed model. In contrast, in studies 1 and 2, the following was
observed: 1) PF was not correlated with iron absorption from
FePP, 2) PF was correlated with iron absorption from FeSO4 only
when the fat emulsion was given 20 min beforehand (r =20.552,
P = 0.041), and 3) PF was not a significant predictor of iron
absorption in the linear mixed models.

DISCUSSION

The main findings of this study in iron-fortified, maize-based
meals were as follows: 1) the addition of a lipid emulsion more
than doubles iron absorption from FePP but has no effect on iron
absorption from FeSO4; 2) the addition of a microbial phytase
increases iron absorption from FeSO4, with and without the
addition of RUTF; 3) the combination of an RUTF and phytase
has no additional effect on iron absorption; and 4) the addition
of a nutrient-dense RUTF results in a tendency toward an in-
crease in iron absorption from FeSO4, which requires confir-
mation in further studies. A possible explanation for why the
addition of nutrient-dense lipids enhanced iron absorption more
strongly from FePP is that absorption from FePP is dependent
on its dissolution in the low pH of gastric juice (25), and on the
basis of in vitro solubility experiments, the dissolution of FePP

is incomplete even after 30 min at a pH of 1 (25, 26). In contrast,
FeSO4 is water soluble and rapidly dissolves in the stomach.

The addition of a dietary lipid to a meal has generally been
shown to increase iron absorption in animal models (27–30).
However, a human study that investigated the effect of removing
or replacing macronutrients in a semisynthetic meal reported no
significant effects of changing lipid and calorie content on iron
bioavailability (8). In the latter study, semisynthetic meals
contained only low amounts of phytic acid, and the presence of
an inhibitory matrix may be necessary for the effect of increased
GRT and/or duodenal residence time on iron absorption to be-
come apparent.

Several potential mechanisms may explain the effect of dietary
lipids on iron absorption. First, the increased time at low stomach
pH during longer GRTwould generally favor the solubilization of
ferrous and ferric iron moieties and diminish the inhibitory effect
of phytic acid on iron solubility, because protonated forms of
phytic acid prevail at lower pH ranges (31, 32). Second, a lipid
emulsion that slows gastric emptying and increases GRT (33)
might increase the ability of the divalent metal transporter 1
(DMT1) to take up luminal iron. It is also possible that lipid
microdroplets and free fatty acids may noncovalently bind iron,
protecting it from chelation by phytic acid and thus facilitating its
absorption (34). Longer GRT could possibly also increase iron
absorption from other iron compounds commonly used as for-
tificants that require a low pH to release iron, such as electrolytic
iron and ferrous fumarate.

In human studies, the entry of nutrients, including lipids,
into the ileum slows gastrointestinal transit of the more proxi-
mal luminal contents via an “ileal” or “duodenal brake” mech-
anism (10). Thus, we hypothesized that administering the lipid
emulsion 20 min before the fortified maize meal would result in a

TABLE 3

Characteristics of the young women in the absorption studies1

Study n Age, y BMI, kg/m2 Hemoglobin, g/dL PF,2 mg/L Iron deficiency,3 n Plasma CRP2, mg/L

1 14 20.9 6 0.51 20.92 6 0.47 13.72 6 0.15 34.2 (21.7, 58.3) 2/14 0.86 (0.3, 2.3)

2 13 21.8 6 0.73 20.10 6 0.18 13.53 6 0.09 24.04 (12.4, 42.3) 4/13 0.84 (0.26, 3.05)

3 14 24 6 1.2 20.65 6 0.43 13.4 6 0.15 29.6 (14.9, 40.8) 3/14 0.76 (0.32, 1.6)

1 Values are means 6 SEs unless otherwise indicated. CRP, C-reactive protein; PF, plasma ferritin.
2 Values are geometric means (IQRs).
3 Defined with a PF ,15 mg/L.

TABLE 4

Fractional iron absorption from the test meals fortified with FeSO4 (study 1) or FePP (study 2) measuring the effect of consumption of a maize meal with or

without a lipid emulsion given either at or 20 min before consumption in Swiss women1

Test meal Iron absorption,2 %

Maize, g Lipid emulsion, g Phytic acid, mg Lipid, g kcal 13 mg Fe as FeSO4
3 13 mg Fe as FePP4

60 — 530 1.6 212 1.59 (0.48, 5.23)a 0.19 (0.06, 0.56)b

60 55 (consumed 20 min before maize) 530 27.7 486 1.42 (0.36, 5.66)a 0.45 (0.17, 1.23)c

60 55 (consumed with maize) 530 27.7 486 1.73 (0.67, 4.43)a 0.50 (0.15, 1. 62)c

1 Study 1, n = 14; study 2, n = 13. FePP, ferric pyrophosphate; FeSO4, ferrous sulfate.
2 As geometric means (geometric mean2 SD, geometric mean + SD). Values were adjusted to the geometric mean plasma ferritin concentration obtained

across all participants of studies 1–3 (27.1 mg/L) (24). For iron absorption, values in the same column or in the same row with different superscript letters

differ (P , 0.01).
3 There was no effect of meal by linear mixed models (P . 0.05).
4 There was a significant effect of test meal by linear mixed models (P , 0.05).
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slower gastrointestinal transit, a more pronounced increase in
GRT, and enhanced iron absorption. However, in the MRI pilot
study, postprandial changes in gastric content volumes were
comparable whether the RUTF was given with or 20 min be-
fore the meal (Supplemental Figure 4, Supplemental Results).
In study 1, there was no difference in iron absorption whether
the lipid emulsion was given with or before the maize meal.
Although it is possible that the effect of the previous bolus may
have been greater if there had been a longer time between the
lipid bolus and meal administration, our data do not support
previous lipid administration as an approach to increase iron
absorption.

Our data show that phytase increases iron absorption by a
factor of 1.8 from an RUTF and anMNP, which confirms findings
from previous studies on phytase in MNPs (11). We speculated
that a calorie-rich meal as provided by an RUTF would increase
GRT and allow more time for degradation of phytic acid before
the phytase is inactivated by pancreatic enzymes. However, our
findings do not support this hypothesis. This is despite the fact
that the w80% increase in iron absorption in the current study
likely reflects only partial dephytinization, because complete
dephytinization would likely result in a more pronounced in-
crease in iron absorption (35). We tested the interaction between
calorie-rich meals and phytase on iron absorption from FeSO4,
but not from FePP; thus, we cannot exclude an interaction be-
tween RUTF and phytase on poorly water-soluble iron com-
pounds. We chose to use FeSO4 in study 3 because RUTFs are
generally fortified with water-soluble iron compounds, such as
FeSO4, or compounds that are soluble in diluted acid, such as
ferrous fumarate, due to their generally higher bioavailability.

In study 3, iron absorption from the MNP+RUTF meal tended
to be higher than with MNP alone, although this was not sig-
nificant (P = 0.060). The upper limit of the 95% CI suggests the
possibility of a 1.61-factor increase in iron absorption on con-
sumption of an RUTF. Such an effect would be of wide public
health relevance and calls for the conduct of further studies, in
particular in target population groups such as young children.
However, although our data are consistent with a possible en-
hancing effect of RUTFs on iron absorption, more studies are
required to prove (or disprove) this.

Our study has several strengths. We measured iron absorption
with high precision by using isotopically labeled iron fortificants
(FePP in study 2 and FeSO4 in study 3) manufactured specifically
for this use by a downscaling of the commercial manufactur-
ing process. We matched phytic acid contents between the dif-
ferent meals to be able to compare solely the effect of the
addition of RUTFs and phytase. We tested the effect of lipid on
iron absorption both mechanistically with a lipid emulsion and
with a commonly used product (RUTF). The limitations of the
current study include the following: 1) we did not test FePP
in study 3 (for the reasons described above), 2) the sample size
was relatively small, and 3) we studied young adults, whereas
RUTFs and MNPs are products typically provided to infants and
children.

Our findings suggest that the addition of lipids substantially
enhances iron absorption from FePP. This could be relevant for
foods in which FePP is the fortificant of choice, such as bouillon
powders (36) and rice (26); the consumption of fat with these
fortified foods may increase iron absorption. The use of iron-
containing RUTFs and other lipid-based nutritional supplements
is increasing worldwide. Our data indicate that the addition of a
phytase would likely increase iron absorption from these products.
Our data also show a tendency for the addition of RUTFs to an
MNP-fortified meal to result in higher iron absorption than from
the MNP alone. This needs to be confirmed in future studies.
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