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Abstract: A new iron–casein complex (ICC) has been developed for iron (Fe) fortification of dairy
matrices. The objective was to assess the impact of ascorbic acid (AA) on its in vitro bioavailability in
comparison with ferrous sulfate (FeSO4) and ferric pyrophosphate (FePP). A simulated digestion
coupled with the Caco-2 cell culture model was used in parallel with solubility and dissociation tests.
Under diluted acidic conditions, the ICC was as soluble as FeSO4, but only part of the iron was found
to dissociate from the caseins, indicating that the ICC was an iron chelate. The Caco-2 cell results
in milk showed that the addition of AA (2:1 molar ratio) enhanced iron uptake from the ICCs and
FeSO4 to a similar level (p = 0.582; p = 0.852) and to a significantly higher level than that from FePP
(p < 0.01). This translated into a relative in vitro bioavailability to FeSO4 of 36% for FePP and 114
and 104% for the two ICCs. Similar results were obtained from water. Increasing the AA to iron
molar ratio (4:1 molar ratio) had no additional effect on the ICCs and FePP. However, ICC absorption
remained similar to that from FeSO4 (p = 0.666; p = 0.113), and was still significantly higher than that
from FePP (p < 0.003). Therefore, even though iron from ICC does not fully dissociate under gastric
digestion, iron uptake suggested that ICCs are absorbed to a similar amount as FeSO4 in the presence
of AA and thus provide an excellent source of iron.

Keywords: iron-casein complex; ferrous sulfate; micronized ferric pyrophosphate; solubility;
dissociation; bioaccessibility; Caco-2 cell culture model

1. Introduction

Iron is an essential micronutrient with well-established contributions to body functions such as
the formation of red blood cells and hemoglobin, oxygen transport, cell division, energy metabolism,
immunity and cognition [1]. According to the most recent estimates, 25% and 37% of anemia is
associated with iron deficiency in preschool children and women of reproductive age, respectively [2].
Food fortification with iron is generally regarded as the most cost-effective and sustainable long-term
approach for reducing the risk of iron deficiency [3]. However, adding a bioavailable form of iron
in some food products (e.g., with either a high moisture, and/or a low pH, and/or containing fat,
polyphenols) in a relevant nutritional quantity remains a technological challenge, as soluble forms of

Nutrients 2020, 12, 2776; doi:10.3390/nu12092776 www.mdpi.com/journal/nutrients

http://www.mdpi.com/journal/nutrients
http://www.mdpi.com
https://orcid.org/0000-0001-9412-7595
https://orcid.org/0000-0001-5992-9154
http://www.mdpi.com/2072-6643/12/9/2776?type=check_update&version=1
http://dx.doi.org/10.3390/nu12092776
http://www.mdpi.com/journal/nutrients


Nutrients 2020, 12, 2776 2 of 13

iron such as ferrous sulfate (FeSO4) can lead to organoleptic changes. The less soluble forms of iron
(e.g., iron pyrophosphate (FePP)) are generally more stable in difficult-to-fortify products but are also
less well absorbed. A highly water-soluble iron–casein complex (ICC) with improved organoleptic
properties [4,5], i.e., a sodium caseinate-ferric (Fe3+) phosphate complex, has recently been developed.
This complex is formed through the interaction of iron with sodium caseinates, in the presence of
orthophosphate [6,7]. The reported distribution of added inorganic ferrous or ferric iron in the casein
fraction of cow’s milk (i.e., 65–90%; pH 6.5–6.7) suggests that the formation of similar complexes may
occur naturally in iron-fortified milk [8].

The absorption of iron from this complex was assessed in young women using stable isotopes and
the erythrocyte measurement method [9], and showed no statistical difference to that from FeSO4 when
added to milk [10]. This clinical trial was performed without the addition of ascorbic acid (AA), which is
recognized to be the most effective enhancer of iron absorption and to counteract the effects of most iron
absorption inhibitors [3,11]. The most potent inhibitors are phytic acid and polyphenols and, to a lesser
extent, calcium and some proteins (e.g., β-lactoglobulin and caseins) [11], both of which are present in
milk. Calcium could affect iron absorption by affecting interactions with ligands in the gut lumen and
by impairing the uptake of ferrous ion by the divalent metal transporter 1 (DMT1) [12,13]. The first
effect would be overcome by AA addition, as shown by studies in milk performed with and without
AA [14–16]. The second effect would be observed only in single-meal studies [17,18] and would be
compensated for over time by physiological adaptation of iron absorption to increased calcium intake,
as suggested by reviews [17,19] of long-term studies with dietary [20–24] or supplemental doses of
calcium in humans. Approximately 82% of cow’s milk proteins are caseins, which are divided into four
subclasses (i.e., αs1, αs2, β– and κ–). Caseins are known to link strongly to iron through their clusters
of phosphoserine residues [25], but these proteins are also reported to bind iron on other amino acid
residues with weaker interactions [26]. When linked to phosphoserine clusters, their effect towards iron
absorption is reported to depend on the casein type, and on the structure and/or the conformation of
fragments (i.e., caseinophosphopeptides) generated during their digestion [27,28]. Only a few studies
have reported the effect of caseins from semi-synthetic meals, and their hydrolysis was found to increase
iron absorption [29]. To our knowledge, iron absorption from a pure iron-α-caseinophosphopeptide
complex has never been explored. In rats, iron-β-caseinophosphopeptide complexes exhibited either
a similar or a higher iron absorption than from FeSO4 and iron gluconate [30–32]. In young adult
women, the iron absorption from iron-β-caseinophosphopeptide complexes (1–25) was found to be
similar to that from FeSO4 when ingested with a glass of milk [33]. In all these studies, the impact of
AA on the absorption of iron from iron bound to casein or a fragment (peptide) was not investigated.

The addition of AA to iron-fortified food (e.g., milk, cereals) is recommended by the World Health
Organization to optimize iron absorption [3], and the European Food Safety Authority has accepted the
functional health claim “ascorbic acid increases iron absorption” [34]. AA can increase the absorption of
both ferrous ion (Fe2+) and ferric ion (Fe3+) [35] in a dose-dependent manner, and its impact would also
depend on the solubility of the iron salt used for fortification [35–38]. Its effect is attributed mainly to its
reducing properties [35,37], allowing the iron to stay soluble through a wide range of pH (from 2 to 11)
and to be absorbed via the DMT1 in the small intestine [35]. However, AA would facilitate ferric iron
absorption by interacting with ferric ion at acid pH [35]. Thus, for AA to exert its effect, iron from the
ICC would need to be released from the complex and to remain soluble and exchangeable under gastric
conditions in the gut lumen. We hypothesized that AA would increase iron absorption from the ICC,
similar to that from inorganic iron salts. To test this hypothesis, in vitro experiments were performed
to determine whether iron from the ICC was soluble and whether it dissociated from the caseins under
acidic gastric pH; the digestibility of the ICC was also determined. Then, in vitro-simulated digestion
coupled with the Caco-2 cell model [39] was used to evaluate whether AA has an impact on the in vitro
iron bioavailability of the ICC in comparison with FeSO4 and FePP in water and milk. The Caco-2 cell
model has the great advantage that it has been validated against human data for the evaluation of
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the interaction between AA and iron [40]. Based on the data generated, the fate of the ICC during
digestion was proposed.

2. Materials and Methods

2.1. Preparation of the ICC

Two batches of the ICC were produced by the Nestlé Technological Center (Konolfingen,
Switzerland) as per the protocol previously described by Mittal et al. [6,7]. The sodium caseinate
(Arla Foods Ingredients, Viby J, Denmark) used to produce the complexes contained 36.3% αs1-casein,
8.5% αs2-casein, 40.7% β-casein and 14.5% κ-casein. Caseinate was dissolved in deionized water and
chilled to 4 ◦C. Ferric and phosphate salts were added at constant pH (pH 7) with vigorous stirring.
The final protein solution containing iron was spray dried. The iron contents of the two batches were
2.80 ± 0.07 and 2.91 ± 0.07 mg Fe/100 g powder for batch 1 (ICC1) and batch 2 (ICC2), respectively.

2.2. Solubility and Iron Dissociation at Acidic pH

The in vitro solubility of the ICCs was compared with that of FeSO4 heptahydrate (20.08% iron,
Dr. Paul Lohmann GmbH, Emmerthal, Germany) and a micronized FePP (20.25% iron, Aksell Química,
Indaiatuba, Brazil) at pH 1.7 using a protocol adapted from Lynch et al. [41] and Henare et al. [10].
Two aliquots of each iron compound, each containing 20 mg of iron, were weighed into 500 mL conical
flasks. All salts were diluted in 250 mL of HCl (pH 1.7) in the flasks, at room temperature. The flasks
were placed in a shaking water bath at 37 ◦C and gently agitated at a rate of 2 Hz for 90 min. Aliquots
of 1.5 mL from each flask were taken at 5, 15, 30, 60 and 90 min and centrifuged at 14,000× g for
5 min (VWR MicroSTAR 17, Fontenay Sous Bois, France). The iron content was determined in the
initial samples and in the supernatants to calculate the percentage of iron solubility over time for
each compound. This experiment could not determine whether the iron in the ICC was dissociated
from the proteins. Thus, the trial was repeated at pH 2 to evaluate the dissociation of iron from the
proteins using size-exclusion chromatography columns (PD-10 desalting columns, SephadexTM G-25M,
GE Healthcare, Chalfont St. Giles, UK). FeSO4 was used as a control. Acidic solutions of the ICC were
prepared with diluted HCl (pH 2) in duplicate, as described above. At 30 min after the beginning of the
experiment, the supernatants were collected after centrifugation (i.e., 14,000× g for 20 min) to allow the
loading of 2.5 mL on the columns. The experiment was performed using the gravity protocol provided
by GE Healthcare instructions 52-1308-00 BB. Diluted HCl (pH 2) was used for the two consecutive
elution steps. Volumes of 3.5 and 6 mL were collected after the first and second elutions, respectively.
The iron contents in the two eluates, corresponding to the protein fraction and the free mineral fraction,
respectively, were analyzed. An aliquot (1 mL) from all samples was diluted to 10 mL with HNO3 (8%)
and analyzed by inductively coupled plasma-optical emission spectrometry (Agilent™ 5100 model,
Agilent, Santa Clara, CA, USA), according to Association of Official Agricultural Chemists (AOAC)
official method 2011.14.

2.3. Digestibility and Solubility of the ICC under Simulated Gastric Digestion

The digestibility of the two batches of ICC and sodium caseinate (Arla Foods Ingredients, Viby J,
Denmark) was determined using a protocol adapted from the INFOGEST’s static in vitro digestion
protocol at Massey University, Palmerston North, New Zealand [42]. Aqueous solutions of the ICCs
(1%, w/v) were mixed with simulated gastric fluid (pH 2) and pre-incubated to 37 ◦C for 15 min to
allow temperature equilibrium. A stock pepsin solution (10 mg/mL, 3500 U/mg) was added to the
mixture to achieve a final activity of 2000 U/mL in the digestion mixture and the digestion was started.
Samples were taken at various incubation times (0.5, 5, 10, 20 and 60 min) and were immediately
diluted in reducing tricine sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE)
sample buffer (pH 8.45, 2% w/v SDS and 200 mM dithiothreitol) to obtain a final protein concentration of
approximately 1 mg/mL. The samples were then analyzed by tricine-SDS-PAGE as per the methodology
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described previously [43]. The gels (49.5% T, 3% C) were prepared in house and 10 µL of each sample
was loaded onto the gels. They were scanned using a Molecular Imager Gel Doc XR system (Bio-Rad
Laboratories, Hercules, CA, USA) and images were analyzed using QuantityOne software (Bio-Rad
Laboratories, Hercules, CA, USA). Undigested samples and pepsin solution were used as controls.

In parallel, a similar protocol of simulated digestion (i.e., pH 2 with the addition of pepsin) was
applied to the two batches of ICC to measure the solubility of the products of digestion, as reported above.
The iron content was determined in the initial samples and in the supernatants after centrifugation
(i.e., 14,000× g for 10 min) to calculate the percentage of iron solubility over time (i.e., at 10, 30 and
60 min) for each compound. FeSO4 was used as a reference.

2.4. In Vitro-Simulated Digestion Coupled with the Caco-2 Cell Model

The impact of AA on the in vitro iron bioavailability from the ICCs was evaluated using the
established in vitro-simulated digestion coupled with the Caco-2 cell model at USDA/ARS, Cornell
University, Ithaca, NY, USA, as described previously [39,40]. In brief, the food matrix underwent a
simulated gastric digestion with pepsin at pH = 2, 37 ◦C for 1 h to mimic the gastric phase of the
digestion in individual above 2 years old. This step was followed by a simulated intestinal digestion
with pancreatin and bile at pH = 7, 37 ◦C for 2 h (n = 3) to mimic the duodenal phase. This second step
took place on a dialysis membrane placed above the Caco-2 cell monolayers. During the digestion
process, iron was released from the food matrix. Solubilized iron can diffuse through the membrane
and be taken up by the cells. Thus, in response to higher intracellular iron concentrations, Caco-2 cells
will form ferritin. The formation of ferritin was quantified as an indicator of iron uptake by the cells.
The Caco-2 cells (obtained at passage 21; American Type Culture Collection, Gaithersburg, MD, USA)
were seeded in 6-well collagen-coated plates at passage 29–42. Cells were grown for 13 days before each
bioassay at 37 ◦C in an incubator using Dulbecco’s modified Eagle’s medium supplemented with 25 mM
HEPES (pH 7.2), 10% (v/v) fetal bovine serum and 1% antibiotic/antimycotic solution. The medium was
changed every 2 days. Twenty-four hours prior to each bioassay, the culture medium was replaced
with iron-free Minimum Essential Medium (MEM [pH 7]; GIBCO) supplemented with 10 mM PIPES
(piperazine-N,N’-bis-[2-ethanesulfonic acid]), 1% antibiotic– antimycotic solution, hydrocortisone
(4 mg/L), insulin (5 mg/L), selenium (5 µg/L), triiodothyronine (34 µg/L) and epidermal growth factor
(20 µg/L). A fresh 1 mL aliquot of MEM (pH 7) covered the cells during each experiment. Eighteen hours
after the start of the experiment, the cells were harvested, after rinsing and sonication of the plates for
15 min. Cells were then scraped from the plate surface and transferred into tubes for analysis. Ferritin
was measured by enzyme-linked immunosorbent assay. The results were normalized to the total
protein content of the Caco-2 cells and were expressed as ng ferritin/mg protein (n = 3). The complex
was tested in a milk and water matrices, in comparison with FeSO4, the reference compound for iron
bioavailability, and with FePP, the main salt used for milk fortification. In water, only ICC (2.8%) was
evaluated with and without AA at a molar ratio of AA to iron of 2:1, as a control. In milk, the two ICCs
were evaluated with and without AA at molar ratios of AA to iron of 2:1 and 4:1. The milk was a full
cream powder containing 26% fat and 875 mg calcium/100 g powder. The amount of iron corresponded
to 3.3 mg Fe/serving of milk, i.e., 33 g of powder for 250 mL of milk ready to be consumed. An aliquot
(2 mL) of each individual digest, corresponding to approximately 26.4 µg of iron, was loaded onto the
dialysis membrane placed on the Caco-2 cell monolayers.

2.5. Statistics

Descriptive statistics—namely arithmetic mean and standard deviation (SD)—were used to
summarize all outcomes. In the case of in vitro iron bioavailability, the raw ferritin data were first
adjusted for protein content and then log-transformed because of their log-normal distribution.
These transformed data were then analyzed using two-way analysis of variance to test the significance
of main effects (iron sources, AA addition) and their interaction. Since both main effects and their
interaction appeared to be highly significant (p < 0.01), the Tukey-Kramer method was used for all
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subsequent pairwise comparisons of interest, with a significance level of α = 5%. With this method,
any two conditions can be declared to be significantly different if their mean difference is larger than
the honestly significant difference (HSD5%). This analysis was visualized using a bar chart (means)
and error bars (mean ± 0.5 ×HSD5%), so that two conditions appeared to be significantly different if
their error bars did not overlap [44].

3. Results

3.1. Solubility and Iron Dissociation at Acidic pH

The solubilities of the iron compounds in diluted acid (pH 1.7) are reported in Figure 1. There was
a rapid solubilization of iron from the ICCs, i.e., >75 ± 19.3% at 5 min and >89 ± 0.3% at 90 min.
The kinetics from the ICCs were similar to that from FeSO4. The solubility of FePP remained low over
time and reached a maximum solubility of 37.6 ± 4.7% at 90 min.

As caseins are known to be soluble at acidic pH, to evaluate whether the iron compounds
dissociated from the proteins under acidic conditions, the soluble fractions of the compounds were
eluted through size-exclusion chromatography columns at 30 min after the start of the experiment.
As expected, 86.6 ± 2.7% of FeSO4, an iron salt that is known to fully dissociate from its counterion
under acidic conditions, was retrieved in the second eluate, corresponding to the free mineral
fraction. Only 10.7 ± 0.3% of ICC (2.8%) and 20.5 ± 0.3% of ICC (2.9%) were retrieved in this fraction.
The percentages of iron appearing in the eluates corresponding to the protein fraction were 77.9 ± 1.9,
55.2 ± 6.7 and 4.7 ± 0.7% for ICC (2.8%), ICC (2.9%) and FeSO4, respectively. These data indicate that
the majority of the iron from the ICCs remained bound to the protein under acidic conditions. It cannot
be excluded that a higher percentage of iron could be released from the proteins under the effect of the
intestinal proteinases. The iron recoveries for this experiment were 88%, 76% and 91% for ICC (2.8%),
ICC (2.9%) and FeSO4, respectively.
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Figure 1. Solubility (% ± Standard deviation (SD)) of iron salts and of iron from the two batches
of iron-casein complex at pH 1.7 over time. The solubilities of ferrous sulfate, micronized ferric
pyrophosphate, iron-casein complex (2.9%), and iron-casein complex (2.8%) are represented by (-•-),
(-•-), (-•-) and (-•-), respectively.

3.2. Digestibility and Solubility of the ICC under Simulated Gastric Digestion

The digestibilities of the ICCs are presented in Figure 2. The undigested sodium caseinate [lane U,
Figure 2A] and the undigested ICC samples [lane U, Figure 2B,C] showed all major fractions of the
caseins (23.6-19 kDa; see region J of Figure 2), indicating that their protein compositions were similar.
The gels also showed some polypeptide bands eluted at molecular weights lower than that of κ-casein
(i.e., 19 kDa; see region K of Figure 2), which may be attributed to the residual whey proteins in the
caseinate sample.
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Figure 2. Digestibilities of (A) sodium caseinate and (B,C) iron-casein complexes 1 and 2 (i.e., ICC1
and ICC2, respectively) under simulated in vitro gastric digestion over time (i.e., 0.5, 5, 10, 20 and
60 min). Samples were reconstituted in water (1%, w/v) and subjected to in vitro static gastric digestion
at pH 2 and 37 ◦C using pepsin (2000 U/mL). M, molecular weight marker; U, undigested sample; P,
pepsin only.

Incubation of the samples with pepsin under simulated gastric conditions resulted in rapid
hydrolysis of the proteins. All casein fractions in the sodium caseinate sample [region J, Figure 2A]
showed significant hydrolysis within the first few minutes of incubation, resulting in several peptides
that had molecular weights of <10 kDa [lanes 3–7 in region K, Figure 2A]. No unhydrolyzed casein
fractions could be detected after 5 min of digestion [lanes 3–7 in region J, Figure 2A]. A similar pattern
was observed for the ICCs over time. A comparison of the hydrolysis profiles of sodium caseinate and
different ICC batches by time point is shown in Figure S1 (Supplementary Materials).

The solubilities of the ICCs and FeSO4 were also measured at 10, 30 and 60 min under simulated
gastric digestion. The results showed that 96.5 ± 0.1, 88 ± 2.1 and 98.4 ± 0.9% of the iron from ICC
(2.8), ICC (2.9%) and FeSO4, respectively, were soluble at 10 min. Similar solubilities were measured at
30 and 60 min.

3.3. In Vitro Iron Bioavailability with and without AA

The in vitro iron bioavailability from the ICCs was evaluated in the in vitro-simulated digestion
coupled with the Caco-2 cell model with and without AA in water [Figure 3A] and in milk [Figure 3B],
in comparison with FeSO4 and a micronized FePP.

3.3.1. In the Absence of AA

As depicted in Figure 3A, in water without AA, there was a higher iron uptake by the Caco-2 cells
from the ICCs than from FeSO4 (p = 0.011) and FePP (p = 0.037). The iron absorption from FeSO4 was
found to be lower but not statistically different than from FePP (p = 0.228).

Similar results were observed from the reconstituted milk in the absence of AA for the two ICCs
and FePP when considering the quantity of ferritin/mg protein produced by the cells [Figure 3B].
However, a higher iron uptake from FeSO4 was observed in milk, suggesting a protective effect of
milk towards the rapid precipitation of FeSO4 observed in water without AA. Nevertheless, this was
not sufficient to translate into a significantly higher iron bioavailability than from FePP in the model
(p = 0.227).

3.3.2. In the Presence of AA

As illustrated in Figure 3A, in water with the addition of AA at a molar ratio of AA to iron of 2:1,
iron uptake from the three compounds by the cells was increased. The impact of AA was found to
be greater for FeSO4 than for FePP and the ICC (i.e., ≈ 6.9-, 1.8- and 2.9-fold increase, respectively).
Nevertheless, the iron uptakes by the cells from the ICC and FeSO4 were not statistically different
(p = 0.473), and the in vitro iron bioavailability of both compounds was significantly higher than that
of FePP (p < 0.01). This translates into in vitro relative bioavailability (iRBV) to FeSO4 of 37 and 121%
for FePP and ICC (2.8%), respectively.
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As shown in Figure 3B, the addition of AA to milk, at a molar ratio of AA to iron of 2:1, increased the
iron bioavailability of the four compounds by ≈3.2-, 1.8-, 2.3- and 1.6-fold from FeSO4, FePP, ICC (2.8%)
and ICC (2.9%), respectively. When compared with the data generated without AA, this enhancement
was significantly different for FeSO4 (p = 0.006) and ICC (2.8%) (p = 0.023), but not for FePP (p = 0.068)
and ICC (2.9%) (p = 0.122). Nevertheless, as in water, the addition of AA to milk increased the iron
uptakes from FeSO4 and the two ICCs by the cells to similar levels with no statistical difference between
the three compounds (p = 0.582; p = 0.852). The iron bioavailabilities from FeSO4 and the ICCs were
significantly higher than that from FePP, translating into in vitro bioavailabilities relative to that of
FeSO4 of 36, 114 and 104% for FePP, ICC (2.8%) and ICC (2.9%), respectively.

When AA was added to milk at a molar ratio of AA to iron of 4:1, only iron uptake from FeSO4

was further slightly increased by approximately an additional 1.28-fold. This did not translate into a
significant difference in the model when compared with that in the presence of a molar ratio of AA to
iron of 2:1 (p = 0.348). Under this experimental condition, the iron absorption by the cells from the two
ICCs remained not statistically different from that from FeSO4 (p = 0.666, p = 0.113), and was found to
be significantly higher than that from FePP (p < 0.009).
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Figure 3. Iron uptake from ferrous sulfate (FeSO4), micronized ferric pyrophosphate (FePP), and iron-casein
complexes (ICCs) by Caco-2 cells after simulated in vitro digestion in water (A) and milk (B) with
and without ascorbic acid (AA) (n = 3). In water, only ICC1 (2.8%) was tested. The two batches of
ICC (i.e., 2.8% and 2.9%) were evaluated in milk. The iron was added to both drinks at a level of
3.3 mg Fe/250 mL. Molar ratios of AA to iron (Fe) are provided on the figure. The data presented are
measurements of ng ferritin/mg protein after log transformation (de-log means are given on the bars).
One-way analysis of variance and pairwise comparisons were performed using the Tukey-Kramer
method. Means ± 0.5 × HSD5% are presented, so that two conditions are significantly different if their
error bars do not overlap.
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4. Discussion

The present publication reports on the solubility and the dissociation of iron from the ICC and on
the impact of AA on the in vitro iron absorption from the complex in comparison with FeSO4 and FePP.

As the solubility in water or dilute acid of iron compounds used for fortification is considered to
be a prerequisite for its absorption, iron salts have been classified into three categories—water soluble
(e.g., FeSO4), poorly water soluble but soluble in dilute acid, and water insoluble and poorly soluble in
dilute acid (e.g., FePP) [3,45]. In general, it is considered that water-soluble iron compounds have a
high bioavailability; however, because of the inherent reactive nature of iron when fully solubilized,
they can create unacceptable organoleptic changes when added to food. Conversely, the poorly soluble
salts have a lower bioavailability but create fewer undesirable sensory problems in food products. Thus,
whereas FeSO4 is the reference compound for iron bioavailability, the last category, especially FePP,
is often used for the food fortification of difficult or sensitive matrices such as dairy products to avoid
sensory changes [3,46,47]. Our results show that, under acidic gastric conditions, the ICC was as soluble
as FeSO4, and the solubilities of both compounds were 2.6-fold higher than that of the tested micronized
FePP. The two ICCs were also found to be digestible under simulated gastric digestion, with iron from
the complexes remaining as soluble as FeSO4 after pepsin hydrolysis. These solubility results agree
with published data on the three compounds [10,47]. A good agreement between this measurement and
the relative iron bioavailability in humans has also been observed several times [10,46–48], especially
for iron salts with good solubility in dilute acid. Therefore, although similar iron absorptions from the
ICC and FeSO4 have already been demonstrated in humans [10], the greater solubility of the ICC when
compared with FePP may be a first indication of its better in vivo bioavailability.

Whereas the solubility of inorganic salts provides information on their dissociation from their
counterion, for the ICC this measurement alone is not sufficient to understand whether the ferric
iron remains linked to the protein under gastric pH. The results of our in vitro experiment using
size-exclusion chromatography show that most of the iron in the ICC did not dissociate from the
caseins under acidic conditions (i.e., 55 to 78%). This result agrees with previous work performed with
similar iron-bound casein and iron-bound caseinophosphopeptide compounds over a range of pH of
2 to 7 [25,49]. This characteristic is specific to iron chelates, such as iron bisglycinate and sodium iron
EDTA (EthyleneDiaminetetraAcetic Acid). In contrast to FeSO4, iron chelates may be less impacted
by inhibitors (i.e., phytic acid and polyphenols), especially in the absence of AA, and their relative
iron bioavailability (RBV) to FeSO4 can be >100% in humans [3]. Therefore, the ICC may offer similar
advantages, but such an effect would be observed only if the binding affinity of the caseins for iron is
higher than that of the inhibitors. Another consequence of the non-dissociation of iron from casein
at acidic pH is that part of the iron from the ICC may not be absorbed via the same transporter as
for the inorganic salt (i.e., DMT1), as suggested for iron bisglycinate [50]. DMT1 can only mediate
the active transport of the ferrous ion from the gut lumen into the enterocytes [45]. Previous work in
rats, investigating the iron absorption from an iron-bound β-caseinophophopeptide, suggested that
the iron absorption from this type of complex occurs via a similar pathway to that for iron gluconate,
i.e., mainly energy-dependent transport that would include the transport via the DMT1. In addition,
20% of this iron-bound peptide was reported to be taken up by endocytosis [31,32]. Our experiments
were not designed to investigate the mechanism of iron absorption from the ICC. However, irrespective
of the means of cell entrance in the enterocytes, iron will form ferritin and a small proportion will
distribute in the free iron pool [45,51], as also suggested by our Caco-2 cell experiment showing the
production of similar quantities of ferritin by the cells when exposed to ICC or FeSO4 Finally, the limited
dissociation of iron from ICC under simulated gastric conditions may also limit the impact of AA on
its iron absorption. The latter has been poorly investigated on iron chelates. Only one clinical trial,
aiming to evaluate the impact of AA on iron bisglycinate, was found in the literature. It showed that,
in non-iron-deficient subjects (n = 14, mean serum ferritin 33 µg/L, range 15–74 µg/L), when added at a
molar ratio of 2:1, AA increased the iron absorption from the iron bisglycinate chelate by 1.4-fold from
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whole cow’s milk [52]. This result suggests that part of the iron from iron bisglycinate is exchangeable
in the gut lumen.

To our knowledge, the impact of AA on iron compounds such as the ICC has never been
investigated. In our study, we used in vitro-simulated digestion coupled with the Caco-2 cell culture
model [39,40], with FeSO4 and a micronized FePP as references.

In the absence of AA, iron uptake from FeSO4 was lower than expected and translated into a
non-significant difference between the iron absorptions from FeSO4 and FePP. Similar results have
already been reported for the Caco-2 cell model [53–55]. This can be explained by a rapid conversion
of FeSO4 into the insoluble and thus non-absorbable iron hydroxide, when the pH increases to pH 7
during the in vitro digestion [35,55]. Even though comparison of the iron uptakes from FeSO4 in water
and in milk suggested that the milk matrix may help to attenuate this effect, it was not sufficient to
observe a significantly higher iron bioavailability from FeSO4 than from FePP with the milk condition
in the model. Nevertheless, it should be noted that iron absorption from FePP in comparison with
FeSO4 in milk without AA appears not to have been evaluated in humans. Such a comparison in a dairy
matrix seems to have been made only in an iron-fortified drinkable yogurt. In this study, no significant
difference in the fractional iron absorption between a micronized dispersible FePP (MDFP) and FeSO4

(n = 10, serum ferritin: 26.4 ± 21.4 µg/L; mean ± SD, range 7.9–79.3 µg/L) was observed. This result
was attributed to the low particle size of MDFP and thus to its potential increased solubility (solubility
data were not provided) [38]. The significantly higher iron uptake from the ICC in water suggests
that the products of the enzymatic degradation of the caseins keep the undissociated iron soluble,
protecting it from precipitation and thus favoring its absorption by the cells. In milk, the in vitro iron
bioavailabilities from the two ICCs were found to be similar or higher compared with that from FeSO4,
and significantly higher than that from FePP. The higher iron uptake from ICC (2.9%) than from FeSO4

would be due to the lower iron uptake from FeSO4 than expected for the reasons provided above.
The results for ICC (2.8%) in comparison with FeSO4 agree with human data, which show no difference
in iron bioavailability from the ICC and FeSO4 [10], and a higher bioavailability from the ICC than
from FeSO4 in milk is not expected in humans in the absence of AA.

When AA was added at a molar ratio of 2:1, the iron uptakes from FeSO4 and FePP in milk by
the cells were increased by 3.2- and 1.8-fold, respectively. This agrees with the retrieved human data
for the same food matrix. An increased iron absorption by a factor of from 2 to 4 from FeSO4 in milk
was reported with the addition of AA (molar ratio 2:1 or 4:1) by Walczyk et al. [16]. Pauline et al. [14]
showed that fortified milk with an equimolar amount of AA increased the fractional iron absorption
from FePP by almost 2-fold. Therefore, the 1.8-fold increase in iron uptake from FePP in the model
would reach a significant difference in humans, but the absorption may remain low when compared
with other iron compounds, especially in iron-deficient subjects [56]. Similar ranges of enhancement
for FeSO4 have also been reported from other food matrices [37]. AA increased the in vitro iron
bioavailabilities from the ICCs in milk by 1.6- to 2.3-fold. This matches with the 1.4-fold increase
reported for the iron bisglycinate chelate in milk [52]. Although the low impact of AA on the in vitro
iron bioavailability from FePP is probably due to its low solubility under acidic or gastric conditions
(i.e., ≈37% after 90 min versus >85% for the ICCs), the lower impact of AA on the ICC chelates than on
FeSO4 can be explained by the extent of dissociation of iron from the complex, limiting its exchange
with AA. However, it is important to emphasize that iron uptake from the ICCs by the cells was not
significantly different from that from FeSO4, indicating that the iron that did not dissociate under acidic
pH and thus that did not interact with AA during the simulated intestinal digestion was bioavailable.
The calculated relative in vitro bioavailabilities (iRBV) of FePP, ICC (2.8%) and ICC (2.9%) to that of
FeSO4 were 36%, 114% and 104%, respectively, in milk with added AA. In humans, the RBV of FePP to
FeSO4 in milk with the same molar ratio of AA to iron is reported to be 32% [n = 20, serum ferritin 17.8
(5.8–67.2) µg/L [geometric mean (range)]] [47]. The observed correlation between the iRBV of FePP
calculated from the model and the reported RBV as determined in humans with a rather low iron status
suggests that the model can be used to estimate the RBV in human settings with high requirements
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for iron. It is recognized that the lower the iron status of an individual (as defined by serum ferritin),
the higher the iron absorption will be [11]. However, the upregulation of iron absorption of some iron
salts, such as FePP, has been reported to be limited in subjects with low iron status when compared to
FeSO4, impacting its RBV to FeSO4 [36,56]. This may be due to its poor solubility under acidic gastric
conditions. In a previous human study, Henare et al. [10] showed no significant difference between the
slope of linear regression of fractional iron absorption and serum ferritin concentration of ICC and
FeSO4 and concluded that it would be expected that the RBV of the ICC to FeSO4 would be consistent
across individuals of different iron status. Therefore, considering its solubility and the present Caco-2 cell
results, the ICC would be expected to exhibit a similar RBV in humans as measured in single-meal studies
than that measured in the cell model (i.e., with a molar ratio of 2:1 in milk), since in addition the model has
been shown to accurately predict the human response to the interaction of AA with iron absorption [40].

When AA was added to milk at a molar ratio of AA to iron of 4:1, only the iron absorption of
FeSO4 was further slightly increased by an additional 1.28-fold in the model. Interestingly, a similar
enhancement (i.e., by 1.18-fold p < 0.05) was reported by Walczyk et al. [16] in a study evaluating the
iron absorption from milk containing various levels of calcium and AA (3 mg of iron per serving) in
children (6–11 years) (n = 32 per group, 50% iron repleted-50% with iron deficiency anemia), showing
again an agreement between the results from the Caco-2 cell model and the human data. The iron
absorptions were 32.3% (18.4; 56.5) and 38.1% (22.1; 65.5) (geometric mean −SD; +SD) from milk,
with the addition of AA at molar ratios of 2:1 and 4:1, respectively [16]. The lack of an additional
effect from the increased amount of AA on the ICC and FePP in the model indicates that there was no
remaining iron in the digesta that could be exchanged with AA. Under this experimental condition,
iron uptake from the two ICCs remained not statistically different from that from FeSO4, and the iron
absorptions from these three compounds by the cells were found to be significantly higher than that
from FePP. Thus, even though the higher molar ratio of AA to iron was not found to have an additional
effect on the ICC in the model, in humans, it would still be expected to have a higher absorption than
FePP under similar conditions. However, a higher absorption from FeSO4 with this increased level of
ascorbic acid (i.e., to 4:1 molar ratio) cannot be excluded. It should be noted that the addition of AA
at a molar ratio of 4:1 is recommended only for food matrices that contain high levels of phytic acid,
such as cereals [3].

5. Conclusions

The ICC was found to be as soluble as FeSO4 under simulated gastric digestion. As part of its
iron did not dissociate from the casein under acidic conditions, the ICC can be classified as an iron
chelate. The demonstrated impact of AA on iron uptake from the ICC showed that part of the iron that
dissociates under simulated digestion is exchangeable in the gut lumen; also, the similar quantity of
ferritin generated by the cells when exposed to ICC and FeSO4 would suggest that the part of iron from
ICC that is not dissociated in lumen is further processed in the cell to allow the formation of ferritin.
Finally, the ICCs were absorbed in a similar amount to FeSO4 in the presence of AA, and in a significantly
higher amount than FePP with and without AA at the molar ratio of AA to iron recommended by the
World Health Organization for an optimal iron absorption from iron-fortified milk. Therefore, with its
improved organoleptic properties when compared with highly soluble inorganic iron salts, the ICC may
become a compound of choice for the iron fortification of dairy products.

Supplementary Materials: The following are available online at http://www.mdpi.com/2072-6643/12/9/2776/s1,
Figure S1: Digestibility of sodium caseinate and iron-casein complexes under simulated in vitro gastric digestion
at 5, 10, and 60 min.

Author Contributions: Conceptualization of solubility, dissociation and Caco-2 cell trials, M.S., R.P.G., and J.H.;
conceptualization of digestibility trial, A.D. and H.S.; investigation, M.S., R.P.G., M.B., J.H., A.D., and H.S.; analysis
by inductively coupled plasma-optical emission spectrometry, S.D. and M.N.; statistics, A.R.; results interpretation,
M.S., R.P.G., J.H., A.D., and H.S.; writing—original draft, M.S., R.P.G., A.R., and A.D.; writing—review and editing,
M.S., R.P.G., A.R., M.B., J.H., S.D., A.D., and H.S.; visualization, M.S., A.R., and A.D. All authors have read and
agreed to the published version of the manuscript.

http://www.mdpi.com/2072-6643/12/9/2776/s1


Nutrients 2020, 12, 2776 11 of 13

Funding: This research was funded by Société des Produits Nestlé, Nestlé Products and Technological Center,
Konolfingen, Switzerland.

Acknowledgments: We are very grateful to Lionel Bovetto for his recommendations to evaluate the dissociation of
iron from iron-casein complexes, Anna Gmeiner for carrying out the iron dissociation and the iron solubility under
gastric digestion work, Sihan Ma for carrying out the in vitro gastric digestion work, Janique Richot and Daniel
Andrey for their contribution to the data acquisition, and Birgit Holst for project management and coordination of
this activity.

Conflicts of Interest: M.B. and R.P.G. declare no conflict of interest. H.S. is a co-inventor of the patent WO2013191568
which has been acquired by Nestle S.A.; H.S. and A.D. are involved in the technology transfer of the patent from
Massey University to Nestle S.A.; M.S., A.R., J.H., S.D. and M.N. are Nestlé employees.

References

1. Lynch, S.; Pfeiffer, C.M.; Georgieff, M.K.; Brittenham, G.; Fairweather-Tait, S.; Hurrell, R.F.; McArdle, H.J.;
Raiten, D.J. Biomarkers of nutrition for development (BOND)-iron review. J. Nutr. 2018, 148, 1001S–1067S.
[CrossRef] [PubMed]

2. Petry, N.; Olofin, I.; Hurrell, R.F.; Boy, E.; Wirth, J.P.; Moursi, M.; Donahue Angel, M.; Rohner, F. The proportion
of anemia associated with iron deficiency in low, medium, and high human development index countries:
A systematic analysis of national surveys. Nutrients 2016, 8, 693. [CrossRef] [PubMed]

3. WHO/FAO. Guidelines on Food Fortification with Micronutrients; World Health Organization/Food and
Agricultural Organization of the United Nations: Geneva, Switzerland, 2006.

4. Bedard, M.; Husny, J. Composition in Powder Form Comprising Iron-Casein Complexes and Compounds
Sensitive to Oxidation. Patent AU2017376591A1, 5 December 2019.

5. Mittal, V.A.; Ellis, A.; Das, S.; Ye, A.; Singh, H. Mineral Fortification Process and Its Uses. Patent WO/2013/191568
A1, 30 November 2017.

6. Mittal, V.A.; Ellis, A.; Ye, A.; Edwards, P.J.B.; Das, S.; Singh, H. Iron binding to caseins in the presence of
orthophosphate. Food Chem. 2016, 190, 128–134. [CrossRef]

7. Mittal, V.A.; Ellis, A.; Ye, A.; Edwards, P.J.B.; Singh, H. The adsorption of orthophosphate onto casein-iron
precipitates. Food Chem. 2018, 239, 17–22. [CrossRef] [PubMed]

8. Basch, J.J.; Jones, S.B.; Kalan, E.B.; Wondolowski, M.V. Distribution of added iron and polyphosphate
phosphorus in cow’s milk. J. Dairy Sci. 1974, 57, 545–550. [CrossRef]

9. Fairweather-Tait, S.J. Iron. J. Nutr. 2001, 131, 1383S–1386S. [CrossRef]
10. Henare, S.J.; Nur Singh, N.; Ellis, A.M.; Moughan, P.J.; Thompson, A.K.; Walczyk, T. Iron bioavailability of a

casein-based iron fortificant compared with that of ferrous sulfate in whole milk: A randomized trial with a
crossover design in adult women. Am. J. Clin. Nutr. 2019, 110, 1362–1369. [CrossRef]

11. Hurrell, R.; Egli, I. Iron bioavailability and dietary reference values. Am. J. Clin. Nutr. 2010, 91, 1461S–1467S.
[CrossRef]

12. Hallberg, L.; Brune, M.; Erlandsson, M.; Sandberg, A.S.; Rossander-Hulten, L. Calcium: Effect of different
amounts on nonheme- and heme-iron absorption in humans. Am. J. Clin. Nutr. 1991, 53, 112–119. [CrossRef]

13. Shawki, A.; Mackenzie, B. Interaction of calcium with the human divalent metal-ion transporter-1.
Biochem. Biophys. Res. Commun. 2010, 393, 471–475. [CrossRef]

14. Pauline, M.; Verghese, S.T.; Srinivasu, B.Y.; Bose, B.; Thomas, T.; Mandal, A.K.; Thankachan, P.; Kurpad, A.V.
Effect of ascorbic acid rich, micro-nutrient fortified supplement on the iron bioavailability of ferric
pyrophosphate from a milk based beverage in Indian school children. Asia Pac. J. Clin. Nutr. 2018, 27,
792–796. [CrossRef] [PubMed]

15. Stekel, A.; Olivares, M.; Pizarro, F.; Chadud, P.; Lopez, I.; Amar, M. Absorption of fortification iron from milk
formulas in infants. Am. J. Clin. Nutr. 1986, 43, 917–922. [CrossRef] [PubMed]

16. Walczyk, T.; Muthayya, S.; Wegmuller, R.; Thankachan, P.; Sierksma, A.; Frenken, L.G.; Thomas, T.; Kurpad, A.;
Hurrell, R.F. Inhibition of iron absorption by calcium is modest in an iron-fortified, casein- and whey-based
drink in Indian children and is easily compensated for by addition of ascorbic acid. J. Nutr. 2014, 144,
1703–1709. [CrossRef] [PubMed]

17. Beck, K.L.; Coad, J. Dairy product (calcium) consumption and iron nutrition. In Nutrients in Dairy and Their
Implications for Health and Disease; Watson, R.R., Collier, R.J., Preedy, V.R., Eds.; Academic Press: London, UK,
2017; pp. 149–160.

http://dx.doi.org/10.1093/jn/nxx036
http://www.ncbi.nlm.nih.gov/pubmed/29878148
http://dx.doi.org/10.3390/nu8110693
http://www.ncbi.nlm.nih.gov/pubmed/27827838
http://dx.doi.org/10.1016/j.foodchem.2015.05.066
http://dx.doi.org/10.1016/j.foodchem.2017.06.035
http://www.ncbi.nlm.nih.gov/pubmed/28873555
http://dx.doi.org/10.3168/jds.S0022-0302(74)84931-3
http://dx.doi.org/10.1093/jn/131.4.1383S
http://dx.doi.org/10.1093/ajcn/nqz237
http://dx.doi.org/10.3945/ajcn.2010.28674F
http://dx.doi.org/10.1093/ajcn/53.1.112
http://dx.doi.org/10.1016/j.bbrc.2010.02.025
http://dx.doi.org/10.6133/apjcn.092017.07
http://www.ncbi.nlm.nih.gov/pubmed/30045423
http://dx.doi.org/10.1093/ajcn/43.6.917
http://www.ncbi.nlm.nih.gov/pubmed/3717066
http://dx.doi.org/10.3945/jn.114.193417
http://www.ncbi.nlm.nih.gov/pubmed/25332469


Nutrients 2020, 12, 2776 12 of 13

18. SACN. The Scientific Advisory Committee on Nutrition. Iron and Health; TSO: London, UK, 2010.
19. Lonnerdal, B. Calcium and iron absorption—Mechanisms and public health relevance. Int. J. Vitam. Nutr. Res.

2010, 80, 293–299. [CrossRef] [PubMed]
20. Grinder-Pedersen, L.; Bukhave, K.; Jensen, M.; Hojgaard, L.; Hansen, M. Calcium from milk or

calcium-fortified foods does not inhibit nonheme-iron absorption from a whole diet consumed over a
4-d period. Am. J. Clin. Nutr. 2004, 80, 404–409. [CrossRef] [PubMed]

21. Reddy, M.B.; Cook, J.D. Effect of calcium intake on nonheme-iron absorption from a complete diet. Am. J.
Clin. Nutr. 1997, 65, 1820–1825. [CrossRef]

22. Snedeker, S.M.; Smith, S.A.; Greger, J.L. Effect of dietary calcium and phosphorus levels on the utilization of
iron, copper, and zinc by adult males. J. Nutr. 1982, 112, 136–143. [CrossRef]

23. Tidehag, P.; Sandberg, A.S.; Hallmans, G.; Wing, K.; Turk, M.; Holm, S.; Grahn, E. Effect of milk and fermented
milk on iron absorption in ileostomy subjects. Am. J. Clin. Nutr. 1995, 62, 1234–1238. [CrossRef]

24. Turnlund, J.R.; Smith, R.G.; Kretsch, M.J.; Keyes, W.R.; Shah, A.G. Milk’s effect on the bioavailability of iron
from cereal-based diets in young women by use of in vitro and in vivo methods. Am. J. Clin. Nutr. 1990, 52,
373–378. [CrossRef]

25. Gaucheron, F.; LeGraet, Y.; Boyaval, E.; Piot, M. Binding of cations to casein molecules: Importance of
physico-chemical conditions. Milchwissenschaft 1997, 52, 322–326.

26. Raouche, S.; Naille, S.; Dobenesque, M.; Bot, A.; Jumas, J.; Cuq, J.; Marchesseau, S. Iron fortification of skim
milk: Minerals and 57Fe Mössbauer study. Int. Dairy J. 2009, 19, 56–63. [CrossRef]

27. Bouhallab, S.; Cinga, V.; Ait-Oukhatar, N.; Bureau, F.; Neuville, D.; Arhan, P.; Maubois, J.L.; Bougle, D.
Influence of various phosphopeptides of caseins on iron absorption. J. Agric. Food Chem. 2002, 50, 7127–7130.
[CrossRef]

28. Kibangou, I.B.; Bouhallab, S.; Henry, G.; Bureau, F.; Allouche, S.; Blais, A.; Guerin, P.; Arhan, P.; Bougle, D.L.
Milk proteins and iron absorption: Contrasting effects of different caseinophosphopeptides. Pediatr. Res.
2005, 58, 731–734. [CrossRef]

29. Hurrell, R.F.; Lynch, S.R.; Trinidad, T.P.; Dassenko, S.A.; Cook, J.D. Iron absorption in humans as influenced
by bovine milk proteins. Am. J. Clin. Nutr. 1989, 49, 546–552. [CrossRef]

30. Ait-Oukhatar, N.; Bouhallab, S.; Arhan, P.; Maubois, J.L.; Drosdowsky, M.; Bougle, D. Iron tissue storage
and hemoglobin levels of deficient rats repleted with iron bound to the caseinophosphopeptide 1–25 of
beta-casein. J. Agric. Food Chem. 1999, 47, 2786–2790. [CrossRef] [PubMed]

31. Bouhallab, S.; Bougle, D. Biopeptides of milk: Caseinophosphopeptides and mineral bioavailability.
Reprod. Nutr. Dev. 2004, 44, 493–498. [CrossRef]

32. Pérès, J.M.; Bouhallab, N.; Bureau, F.; Bouglè, D. Mechanisms of absorption of caseinophosphopeptide bound
iron. J. Nutr. Biochem. 1999, 10, 215–222. [CrossRef]

33. Ait-Oukhatar, N.; Peres, J.M.; Bouhallab, S.; Neuville, D.; Bureau, F.; Bouvard, G.; Arhan, P.; Bougle, D.
Bioavailability of caseinophosphopeptide-bound iron. J. Lab. Clin. Med. 2002, 140, 290–294. [CrossRef]

34. Tetens, I. EFSA panel on dietetic products, nutrition and allergies (NDA); scientific opinion on the
substantiation of a health claim related to glucose and contribution to energy-yielding metabolism pursuant
to article 13 (5) of regulation (EC) No 1924/2006. EFSA J. 2009, 7, 1226.

35. Lynch, S.R.; Cook, J.D. Interaction of vitamin C and iron. Ann. N. Y. Acad Sci. 1980, 355, 32–44. [CrossRef]
[PubMed]

36. Moretti, D.; Zimmermann, M.B.; Wegmuller, R.; Walczyk, T.; Zeder, C.; Hurrell, R.F. Iron status and food
matrix strongly affect the relative bioavailability of ferric pyrophosphate in humans. Am. J. Clin. Nutr. 2006,
83, 632–638. [CrossRef] [PubMed]

37. Teucher, B.; Olivares, M.; Cori, H. Enhancers of iron absorption: Ascorbic acid and other organic acids. Int. J.
Vitam. Nutr. Res. 2004, 74, 403–419. [CrossRef] [PubMed]

38. Fidler, M.C.; Davidsson, L.; Zeder, C.; Walczyk, T.; Marti, I.; Hurrell, R.F. Effect of ascorbic acid and particle
size on iron absorption from ferric pyrophosphate in adult women. Int. J. Vitam. Nutr. Res. 2004, 74, 294–300.
[CrossRef] [PubMed]

39. Glahn, R.P.; Lee, O.A.; Yeung, A.; Goldman, M.I.; Miller, D.D. Caco-2 cell ferritin formation predicts
nonradiolabeled food iron availability in an in vitro digestion/Caco-2 cell culture model. J. Nutr. 1998, 128,
1555–1561. [CrossRef] [PubMed]

http://dx.doi.org/10.1024/0300-9831/a000036
http://www.ncbi.nlm.nih.gov/pubmed/21462112
http://dx.doi.org/10.1093/ajcn/80.2.404
http://www.ncbi.nlm.nih.gov/pubmed/15277162
http://dx.doi.org/10.1093/ajcn/65.6.1820
http://dx.doi.org/10.1093/jn/112.1.136
http://dx.doi.org/10.1093/ajcn/62.6.1234
http://dx.doi.org/10.1093/ajcn/52.2.373
http://dx.doi.org/10.1016/j.idairyj.2008.07.003
http://dx.doi.org/10.1021/jf025554v
http://dx.doi.org/10.1203/01.PDR.0000180555.27710.46
http://dx.doi.org/10.1093/ajcn/49.3.546
http://dx.doi.org/10.1021/jf981018k
http://www.ncbi.nlm.nih.gov/pubmed/10552566
http://dx.doi.org/10.1051/rnd:2004053
http://dx.doi.org/10.1016/S0955-2863(98)00101-6
http://dx.doi.org/10.1067/mlc.2002.128146
http://dx.doi.org/10.1111/j.1749-6632.1980.tb21325.x
http://www.ncbi.nlm.nih.gov/pubmed/6940487
http://dx.doi.org/10.1093/ajcn.83.3.632
http://www.ncbi.nlm.nih.gov/pubmed/16522911
http://dx.doi.org/10.1024/0300-9831.74.6.403
http://www.ncbi.nlm.nih.gov/pubmed/15743017
http://dx.doi.org/10.1024/0300-9831.74.4.294
http://www.ncbi.nlm.nih.gov/pubmed/15580812
http://dx.doi.org/10.1093/jn/128.9.1555
http://www.ncbi.nlm.nih.gov/pubmed/9732319


Nutrients 2020, 12, 2776 13 of 13

40. Yun, S.; Habicht, J.P.; Miller, D.D.; Glahn, R.P. An in vitro digestion/Caco-2 cell culture system accurately
predicts the effects of ascorbic acid and polyphenolic compounds on iron bioavailability in humans. J. Nutr.
2004, 134, 2717–2721. [CrossRef] [PubMed]

41. Lynch, S.; Bothwell, T.; Campbell, L. A comparison of physical properties, screening procedures and a
human efficacy trial for predicting the bioavailability of commercial elemental iron powders used for food
fortification. Int. J. Vitam. Nutr. Res. 2007, 77, 107–124. [CrossRef]

42. Minekus, M.; Alminger, M.; Alvito, P.; Ballance, S.; Bohn, T.; Bourlieu, C.; Carriere, F.; Boutrou, R.;
Corredig, M.; Dupont, D.; et al. A standardised static in vitro digestion method suitable for food—An
international consensus. Food Funct. 2014, 5, 1113–1124. [CrossRef]

43. Dave, A.C.; Loveday, S.M.; Anema, S.G.; Loo, T.S.; Norris, G.E.; Jameson, G.B.; Singh, H. Beta-lactoglobulin
self-assembly: Structural changes in early stages and disulfide bonding in fibrils. J. Agric. Food Chem. 2013,
61, 7817–7828. [CrossRef]

44. Mason, R.L.; Gunst, R.F.; Hess, J.L. Statistical Design and Analysis of Experiments with Applications to Engineering
and Science, 2nd ed.; John Wiley and Sons: New York, NY, USA, 2003.

45. Zimmermann, M.B.; Hurrell, R.F. Nutritional iron deficiency. Lancet 2007, 370, 511–520. [CrossRef]
46. Sabatier, M.; Grathwohl, D.; Beaumont, M.; Groulx, K.; Guignard, L.F.; Kastenmayer, P.; Dubascoux, S.;

Richoz, J.; Habeych, E.; Zeder, C.; et al. The bioavailability of iron picolinate is comparable to iron sulfate
when fortified into a complementary fruit yogurt: A stable iron isotope study in young women. Eur. J. Nutr.
2020, 59, 1371–1378. [CrossRef]

47. Walczyk, T.; Kastenmayer, P.; Storcksdieck Genannt Bonsmann, S.; Zeder, C.; Grathwohl, D.; Hurrell, R.F.
Ferrous ammonium phosphate (FeNH(4)PO(4)) as a new food fortificant: Iron bioavailability compared
to ferrous sulfate and ferric pyrophosphate from an instant milk drink. Eur. J. Nutr. 2013, 52, 1361–1368.
[CrossRef] [PubMed]

48. Forbes, A.L.; Arnaud, M.J.; Chichester, C.O.; Cook, J.D.; Harrison, B.N.; Hurrell, R.F.; Kahn, S.G.; Morris, E.R.;
Tanner, J.T.; Whittaker, P.; et al. Comparison of in vitro, animal, and clinical determinations of iron
bioavailability: International nutritional anemia consultative group task force report on iron bioavailability.
Am. J. Clin. Nutr. 1989, 49, 225–238. [CrossRef]

49. Chaud, M.V.; Izumi, C.; Nahaal, Z.; Shuhama, T.; Bianch Mde, L.; de Freitas, O. Iron derivatives from casein
hydrolysates as a potential source in the treatment of iron deficiency. J. Agric. Food Chem. 2002, 50, 871–877.
[CrossRef] [PubMed]

50. EFSA. Ferrous bisglycinate as a source of iron for use in the manufacturing of foods and in food supplements.
EFSA J. 2006, 299, 1–17.

51. Gulec, S.; Anderson, G.J.; Collins, J.F. Mechanistic and regulatory aspects of intestinal iron absorption. Am. J.
Physiol. Gastrointest. Liver Physiol. 2014, 307, G397–G409. [CrossRef] [PubMed]

52. Olivares, M.; Pizarro, F.; Pineda, O.; Name, J.J.; Hertrampf, E.; Walter, T. Milk inhibits and ascorbic acid favors
ferrous bis-glycine chelate bioavailability in humans. J. Nutr. 1997, 127, 1407–1411. [CrossRef] [PubMed]

53. Kloots, W.; Op den Kamp, D.; Abrahamse, L. In vitro iron availability from iron-fortified whole-grain wheat
flour. J. Agric. Food Chem. 2004, 52, 8132–8136. [CrossRef]

54. Wortley, G.; Leusner, S.; Good, C.; Gugger, E.; Glahn, R. Iron availability of a fortified processed wheat cereal:
A comparison of fourteen iron forms using an in vitro digestion/human colonic adenocarcinoma (CaCo-2)
cell model. Br. J. Nutr. 2005, 93, 65–71. [CrossRef]

55. Zhu, L.; Glahn, R.P.; Nelson, D.; Miller, D.D. Comparing soluble ferric pyrophosphate to common iron salts
and chelates as sources of bioavailable iron in a Caco-2 cell culture model. J. Agric. Food Chem. 2009, 57,
5014–5019. [CrossRef]

56. Zimmermann, M.B.; Biebinger, R.; Egli, I.; Zeder, C.; Hurrell, R.F. Iron deficiency up-regulates iron absorption
from ferrous sulphate but not ferric pyrophosphate and consequently food fortification with ferrous sulphate
has relatively greater efficacy in iron-deficient individuals. Br. J. Nutr. 2011, 105, 1245–1250. [CrossRef]

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1093/jn/134.10.2717
http://www.ncbi.nlm.nih.gov/pubmed/15465772
http://dx.doi.org/10.1024/0300-9831.77.2.107
http://dx.doi.org/10.1039/C3FO60702J
http://dx.doi.org/10.1021/jf401084f
http://dx.doi.org/10.1016/S0140-6736(07)61235-5
http://dx.doi.org/10.1007/s00394-019-01989-4
http://dx.doi.org/10.1007/s00394-012-0445-y
http://www.ncbi.nlm.nih.gov/pubmed/22956195
http://dx.doi.org/10.1093/ajcn/49.2.225
http://dx.doi.org/10.1021/jf0111312
http://www.ncbi.nlm.nih.gov/pubmed/11829660
http://dx.doi.org/10.1152/ajpgi.00348.2013
http://www.ncbi.nlm.nih.gov/pubmed/24994858
http://dx.doi.org/10.1093/jn/127.7.1407
http://www.ncbi.nlm.nih.gov/pubmed/9202099
http://dx.doi.org/10.1021/jf040010+
http://dx.doi.org/10.1079/BJN20041294
http://dx.doi.org/10.1021/jf900328t
http://dx.doi.org/10.1017/S0007114510004903
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Preparation of the ICC 
	Solubility and Iron Dissociation at Acidic pH 
	Digestibility and Solubility of the ICC under Simulated Gastric Digestion 
	In Vitro-Simulated Digestion Coupled with the Caco-2 Cell Model 
	Statistics 

	Results 
	Solubility and Iron Dissociation at Acidic pH 
	Digestibility and Solubility of the ICC under Simulated Gastric Digestion 
	In Vitro Iron Bioavailability with and without AA 
	In the Absence of AA 
	In the Presence of AA 


	Discussion 
	Conclusions 
	References

