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Hércia Stampini Duarte Martino, Raymond P. Glahn, Omry Koren and Elad Tako

Iron Biofortified Carioca Bean (Phaseolus vulgaris L.)—Based Brazilian Diet Delivers More 
Absorbable Iron and Affects the Gut Microbiota In Vivo (Gallus gallus)
Reprinted from: Nutrients 2018, 10, 1970, doi:10.3390/nu10121970 . . . . . . . . . . . . . . . . . . 125

Mohammad S. Masoud, Majed S. Alokail, Sobhy M. Yakout, Malak Nawaz K. Khattak, 
Marwan M. AlRehaili, Kaiser Wani and Nasser M. Al-Daghri

Vitamin D Supplementation Modestly Reduces Serum Iron Indices of Healthy 
Arab Adolescents
Reprinted from: Nutrients 2018, 10, 1870, doi:10.3390/nu10121870 . . . . . . . . . . . . . . . . . . 145

Ludmila V. Puchkova, Massimo Broggini, Elena V. Polishchuk, Ekaterina Y. Ilyechova and

Roman S. Polishchuk

Silver Ions as a Tool for Understanding Different Aspects of Copper Metabolism
Reprinted from: Nutrients 2019, 11, 1364, doi:10.3390/nu11061364 . . . . . . . . . . . . . . . . . . 157

Chang-Kyu Oh and Yuseok Moon

Dietary and Sentinel Factors Leading to Hemochromatosis
Reprinted from: Nutrients 2019, 11, 1047, doi:10.3390/nu11051047 . . . . . . . . . . . . . . . . . . 183

vi



About the Special Issue Editor

Elad Tako holds degrees in animal science (B.S.), endocrinology (M.S.), and physiology/

nutrigenomics (Ph.D.), with previous appointments at the Hebrew University of Jerusalem,

North Carolina State University, and Cornell University. As a Research Physiologist with USDA/

ARS, Dr. Tako’s research focuses on various aspects of trace mineral deficiencies, emphasizing

molecular, physiological, and nutritional factors and practices that influence intestinal micronutrient

absorption. With over 100 peer-reviewed publications and presentations, he leads a research team

focused on understanding the interactions between dietary factors, physiological and molecular

biomarkers, the microbiome, and intestinal functionality. His research accomplishments include

the development of the Gallus gallus intra-amniotic administration procedure, and establishing

recognized approaches for using animal models within mineral bioavailability and intestinal

absorption screening processes. He has also developed a zinc status physiological blood biomarker

(red blood cell Linoleic Acid: Dihomo–Linolenic Acid Ratio), and molecular tissue biomarkers to

assess the effect of dietary mineral deficiencies on intestinal functionality, and how micronutrients

dietary deficiencies alter gut microbiota composition and function.

vii





nutrients

Editorial

Dietary Trace Minerals

Elad Tako

USDA-ARS, Robert W. Holley Center for Agriculture and Health, Cornell University, Ithaca, NY 14853, USA;
elad.tako@ars.usda.gov or et79@cornell.edu

Received: 8 November 2019; Accepted: 14 November 2019; Published: 19 November 2019

Abstract: Dietary trace minerals are pivotal and hold a key role in numerous metabolic processes.
Trace mineral deficiencies (except for iodine, iron, and zinc) do not often develop spontaneously
in adults on ordinary diets; infants are more vulnerable because their growth is rapid and intake
varies. Trace mineral imbalances can result from hereditary disorders (e.g., hemochromatosis, Wilson
disease), kidney dialysis, parenteral nutrition, restrictive diets prescribed for people with inborn
errors of metabolism, or various popular diet plans. The Special Issue “Dietary Trace Minerals”
comprised 13 peer-reviewed papers on the most recent evidence regarding the dietary intake of
trace minerals, as well as their effect toward the prevention and treatment of non-communicable
diseases. Original contributions and literature reviews further demonstrated the crucial and central
part that dietary trace minerals play in human health and development. This editorial provides a
brief and concise overview that addresses and summarizes the content of the Dietary Trace Minerals
Special Issue.

Keywords: dietary trace minerals; deficiency; iron; zinc; selenium; copper; vitamin D

This monograph, based on a Special Issue of Nutrients, contains 13 manuscripts—two reviews and
11 original publications—that reflect the wide spectrum of currently conducted research in the field of
dietary trace minerals. The manuscripts in this Special Issue collection include populations from many
countries, including the USA, Germany, Australia, Brazil, Poland, Japan, Colombia, Mexico, Saudi
Arabia, Russia, Italy, South Korea, and Israel. The presented manuscripts cover a wide variety of topics
in the field of dietary trace minerals, with emphasis on the antimicrobial properties of magnesium
and the potential to develop healthier food [1], the link between Nrf2 and dietary selenium, iron,
zinc, and copper [2], in vivo assessment of fast cooking yellow bean consumption on dietary iron
bioavailability [3], the association between nicotianamine and 2′ deoxymugineic acid as enhancers of
iron bioavailability in vitro [4], analysis of bioelectrical impedance vector and phase angle on various
forms of oral zinc supplementation in children [5], investigation of dietary silicon and its impact on
plasma silicon concentrations in human subjects [6], the role of biotin in skin zinc homeostasis [7],
the maize germ fraction and its inhibitory effect on iron bioavailability in vitro [8], assessment of
the iron bioavailability of iron-biofortified beans in school children [9], investigation of the dietary
iron bioavailability of iron biofortified carioca beans in vivo [10], vitamin D supplementation and
its effect on serum iron concentrations in adolescents [11], the demonstration of silver ions as a tool
for understanding copper metabolism [12], and the dietary and sentinel potential factors that lead
to hemochromatosis [13]. This wide spectrum of topics further demonstrates the importance and
relevance of dietary trace minerals, as these factors are critical and have a pivotal role in organism
(including human) health and physiological functions.

Minerals form only five percent of the typical human diet but are essential for normal health and
function. Macrominerals are defined as minerals that are required by adults in amounts greater than
100 mg/day or make up less than one percent of total body weight. Trace elements (or trace minerals)
are usually defined as minerals that are required in amounts of 1–100 mg/day by adults or make up
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less than 0.01 percent of total body weight. Ultra-trace minerals are generally defined as minerals that
are required in amounts less than 1 microgram/day [14].

Recommended intakes for trace elements are expressed as Recommended Dietary Allowance
(RDA) or Adequate Intake. The Upper Limit is the quantity of the nutrient considered to cause no
adverse effects in healthy individuals. These parameters have been estimated for each trace mineral.
Previous research demonstrated that: (1) Copper deficiency can be caused by an x-linked mutation
of the transport protein mediating copper uptake from the intestine (Menkes disease). It can also
be caused by malabsorption after gastrointestinal surgery (including gastric bypass for weight loss
and gastric resection for malignancy or peptic ulcer disease), or by ingestion of high doses of zinc.
Clinical manifestations include anemia, ataxia, and myeloneuropathy [15]. (2) Iodine deficiency is
characterized by goiter and hypothyroidism, which in turn has effects on growth, development, and
cognitive function [16]. (3) Selenium deficiency is unusual, but has been reported in parts of China
where the local diet is devoid of selenium; this deficiency also occurs in individuals maintained
on total parenteral nutrition without trace minerals. Clinical features of selenium deficiency are
cardiomyopathy and skeletal muscle dysfunction [17]. (4) Zinc deficiency causes growth retardation in
children, hypogonadism, oligospermia, alopecia, dysgeusia (impaired taste), immune dysfunction,
night blindness, impaired wound healing, and skin lesions. Infants with an inherited defect in zinc
absorption develop a severe deficiency state known as acrodermatitis enteropathica [18–20].

The purpose of the current Special Issue is to further expand and add research knowledge on the
vital role that dietary trace minerals play in various physiological and metabolic pathways. In addition,
it aims to further contribute to knowledge in regards to the relationship between dietary trace minerals’
bioavailability, the microbiome, bioactive compounds, and other metabolic and physiological pathways.

I believe that this Special Issue and collection of manuscripts is a useful summary of progress in
various areas related to dietary trace minerals. It also points to additional research needs, including
recommendations for future research in the field, in order to better understand the dietary role that
trace mineral play and also in regards to specific populations and their dietary requirements, growth
and healthy development.

Conflicts of Interest: The author declares no conflict of interest.
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Abstract: Magnesium is a vital mineral that takes part in hundreds of enzymatic reactions in the
human body. In the past several years, new information emerged in regard to the antibacterial effect
of magnesium. Here we elaborate on the recent knowledge of its antibacterial effect with emphasis
on its ability to impair bacterial adherence and formation complex community of bacterial cells
called biofilm. We further talk about its ability to impair biofilm formation in milk that provides
opportunity for developing safer and qualitative dairy products. Finally, we describe the pronounced
advantages of enrichment of food with magnesium ions, which result in healthier and more efficient
food products.

Keywords: healthy food; biofilm; magnesium ions; microbial development; dairy food

1. Introduction

Magnesium represents an essential element for life and is ubiquitously found in all organisms.
This important cation plays crucial roles as an enzymatic co-factor, as well as it is involved in cellular
signaling, and in stabilizing cellular components [1,2]. It is not surprising that magnesium salts are
typically associated with positive effects on microbial cells. However, it appears that at elevated doses,
for instance at milimolar concentrations, magnesium ions become harmful for prokaryotic cell and
therefore may negatively affect important cellular processes [3–7]. Although, some progress has been
made in investigating the effect of magnesium ions in different microorganisms, it is still not clear how
these vital ions affect the cellular processes in microbial cell. Moreover, the mode of antimicrobial
action of magnesium ions remains largely unknown. In the past several years, more information
emerged concerning the effect of magnesium on bacterial cells. Consequently, in this mini-review,
we summarize recent advances in understanding the antimicrobial properties of magnesium ions with
an emphasis on their effect on biofilm formation, which became the biggest microbiological problem in
clinical as well as industrial settings. We further discuss the antimicrobial potential of magnesium
ions in developing novel approaches towards improving food safety and quality. Finally, we describe
new perspectives in developing healthier food for human consumption by its enrichment based on
magnesium ions.

2. The Antimicrobial Properties of Magnesium

Historically, back in 1915, Professor Pierre Delbet was looking for a solution to cleanse wounds
that would replace the traditional antiseptics that damage tissues. After testing several solutions,
he found MgCl2 solution to be most effective as it had two main advantages—it was not harmful for
the tissue and it highly increased leucocyte activity and phagocytosis. Later, he found this solution to

Nutrients 2019, 11, 2363; doi:10.3390/nu11102363 www.mdpi.com/journal/nutrients5
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be an efficient therapy for various diseases, including diseases related to microorganisms [8]. In the
past several years, new interest on this cation arose due to its antimicrobial properties. In several
studies, antibiotic activity in the presence of Mg2+ ions was found to be more efficient [9,10]. It has been
hypothesized that the divalent ions affect the membranes of bacterial cells. One study suggested that the
curvature of the bacterial membrane is affected, and eventually the bacteria become more vulnerable,
and the antibiotics are more efficient [11]. A different study showed that these cations permeabilize
the membranes and cause them to be leakier [5]. Other studies tested the potential antimicrobial
effect of coating different surfaces with magnesium or magnesium compounds. These surfaces were
found as effective in prevention of bacteria adherence as well as biofilm formation. Some of these
compounds were suggested to disrupt the membrane potential, again strengthening the idea that
magnesium permeabilizes membranes and eventually cause the bacteria to be more sensitive [6,12–14].
Moreover, metal oxide nanoparticles of MgO were tested as antibacterial agents as well [3,6]. Indeed,
these particles were found to be effective against yeast and planktonic bacteria as well as against
biofilms [3]. In addition, these nanoparticles were found to be of low cytotoxicity and relatively
safe. Since biofilm formation is considered as a major problem in the food industry as well as in the
biomedical field, a lot of effort is put into dealing with this phenomenon [15,16]. Therefore, the effect
of magnesium ions was also tested recently as a potential solution for the biofilm problem.

2.1. The Effect of Magnesium on Bacterial Survival and Biofilm Formation

Biofilms are highly structured multicellular communities [17–19]. Biofilm formation is a
multistage process in which bacterial cells adhere to a surface and/or to each other through
production of an extracellular matrix that is typically composed of exopolymeric substances (EPS)
such as polysaccharides, proteins, and nucleic acids, which surround and may protect the enclosed
bacteria [19–21]. They form highly structured multicellular communities that are capable of coordinated
and collective behavior [17,18,22]. Bacterial cells in biofilms are characterized by increased resistance
to unfavorable environmental conditions, antimicrobial agents, and cleaning chemicals [19,23,24].
It appears that the major source of the contamination of food products is often associated with biofilms
on the surfaces of food processing equipment [15,25,26]. Therefore, biofilm formation is considered as
a major problem in the food industry [15,26,27].

Several approaches were suggested to deal with biofilm formation in the food industry [15,26].
Environmental factors such as electrolyte concentrations and medium composition were shown to have
important impact on biofilm formation [28]. Divalent cations can influence biofilm formation directly
through their effect on electro-static interactions and indirectly via physiology-dependent attachment
processes by acting as important cellular cations and enzyme cofactors [28–31]. Due to its potentially
important role, the effect of Mg2+ ions on biofilm formation has been tested. These ions are crucial for
the physiology of bacterial cells, although their excess can be harmful for them. Bacterial cells maintain
the tolerable concentrations of Mg2+ ions by influx and efflux strategies based on their availability.
Bacteria overcome limitations in those ions or respond to excess levels, and this helps to maintain
the metal homeostasis within the cell. It appears that Mg2+ ions are vital for membrane stabilization
and function as a cofactor for diverse enzymatic reactions. Bacteria achieve Mg2+ homeostasis by
regulating the Mg2+ transporters and sensors that coordinate the influx and efflux of Mg2+ from
the bacterial cell. The Gram-negative bacterium Salmonella enterica serovar Typhimurium is one of
the best-understood models for explaining the Mg2+ homeostasis [32,33]. In Staphylococcus aureus,
Mg2+ was shown to increase the rigidity of cell wall by binding to teichoic acids (TA). TA, bind the
positively charged Mg2+ ions to mitigate the electrostatic repulsive interactions between the negatively
charged neighboring phosphates. In addition, the Mg2+ ions start a signaling cascade, which results
in expression of biofilm related genes [34]. Furthermore, studies have shown that Mg2+ ions have
varying effects on bacterial adhesion and biofilm formation [4,28,35–37] (Table 1), which could be
explained by differences in bacterial species and Mg2+ concentrations used in the various studies. Since
EPS possesses an anionic nature, it was proposed previously that certain Mg2+ concentration might
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contribute to an increase in exopolysaccharide (EPS) production and biofilm stabilization [38]. It was
also reported that Mg2+ limitation is an important environmental trigger of Pseudomonas aeruginosa
biofilm development [39]. However, it was found that biofilm formation decreased with increasing
concentration of Mg2+ in Enterobacter cloacae [40]. Moreover, another recent study demonstrated how
Mg2+ ions affected Bacillus subtilis biofilm formation by down-regulating the expression of extracellular
matrix genes by more than 10-fold [4]. Taken together, the literatures up to now suggest that, in low
concentrations, Mg2+ ions seem to induce adherence of bacteria to surfaces and subsequent biofilm
formation, while higher concentrations seem to reduce the biofilm formation.

Table 1. Varying effects of magnesium ions on bacterial adhesion and biofilm formation.

Bacteria Influence of Magnesium Ions Reference

Staphylococcus aureus
High concentrations of magnesium bind TA,

which increases cell wall rigidity and results in
better adherence.

[30]

Pseudomonas aeruginosa

Adherence of two of three tested P. aeruginosa strains
was enhanced by magnesium ions [32]

Magnesium ions limitation represses the expression
of retS which leads to increased aggregation,

exopolysaccharide (EPS) production and biofilm
formation

[36]

Diverse effect of divalent ions on
Pseudomonas aeruginosa strains of various origins [38]

Staphylococcus epidermidis Adherence of all tested strains was enhanced in low
concentrations of magnesium [31]

Group b streptococci Magnesium had no effect on adherence at
physiologic concentrations [33]

Pseudomonas fluorescens Magnesium ions increased initial attachment and
altered subsequent biofilm formation and structure [24]

Bacillus species

Magnesium ions are significantly inhibited biofilm
formation of Bacillus species at 50 mM concentration
and higher. The expression of the two matrix operons
was reduced drastically in response to magnesium

ions

[34]

Fortification of milk with magnesium mitigated
biofilm formation by Bacillus species [39]

Enterobacter cloacae Biofilm formation decreased with increasing
concentration of magnesium ions [37]

Arthrobacter sp. Mg2+ induced biofilm development through the
removal of toxic hexavalent chromium

[40,41]

Thus, magnesium ions have a reasonable potential in affecting the food associated biofilm
formation and by this preventing food spoilage and losses in the food industry. The exact mechanism
as to how exactly the magnesium ions operate and delay biofilm formation remains unclear, yet several
suggestions arise [5,11,41,42] (Figure 1). They could directly interact with the membrane and in some
way prevent biofilm formation. Alternatively, they could also directly or indirectly influence the
regulation of biofilm formation and delay biofilm formation. Due to the promising results obtained
with magnesium ions in prevention of biofilm formation, the effect of Mg2+ ions on biofilm formation
in the context of food matrices has also been recently studied.
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Figure 1. Possible mechanisms for the influence of Mg2+ ions on biofilm formation. A: Mg2+ can
affect the membranes curvature, which results in a more sensitive bacterial population. B: Elevation
of c-di-GMP levels leads to inhibition of the swarming motility and increased biofilm formation.
The activity of PdeH, the enzyme that degrades c-di-GMP, is Mg2+ dependent. Therefore, Mg2+ ions
could possibly enhance c-di-GMP degradation and hence decrease biofilm formation that results in heat
sensitive bacteria. C: A third possible explanation is that the Mg2+ ions directly regulate the pathway
leading to biofilm formation, which would again result in heat sensitive bacteria.

2.2. The Effect of Magnesium on Microbiological and Technological Properties of Milk

Milk is highly nutritious as it contains abundant water and nutrients, such as lactose, proteins,
and lipids, and has a nearly neutral pH. This makes it an ideal medium for the growth of different
microorganisms. Since microorganisms in milk may hold spoilage and health risks, milk manufacturing
is subject to extremely stringent regulations. These regulations include pasteurization at high
temperatures, which kills most bacteria, and milk storage at low temperatures, which limits the growth
of many bacteria. It has been shown that in several Bacillus strains, milk triggers the formation of
biofilm [43], and this might make the bacteria more resistant to pasteurization. A recent study has
shown that supplementation of milk by 5mM MgCl2 and above is capable of impairment of biofilm
formation [44]. The impairment of the biofilm eventually results in about a two-log reduction in
survival rate of bacterial cells once exposed to heat-pasteurization [44]. Accordingly, enrichment of
milk and its products with magnesium would eventually result in safer dairy products as well as this
would enable a longer shelf life of the products. In addition, enrichment of food with Mg2+ ions may
also influence its technological properties as well [44,45]. It was also suggested that in the presence of
Mg2+ ions the milk clotting starts significantly earlier, and the obtained curd is notably firmer [44].
This finding indicates that the curdling process appears to be improved in the presence of Mg2+ ions;
i.e., in order to obtain cheeses in a desired hardness, the curdling process in the presence of Mg2+ ions
is shorter. In another study in which magnesium lactate was added to fat free milk to produce yogurts,
the hardness of the yogurts was increased [45]. Moreover, it was also demonstrated that fortified cheeses
with Mg2+ ions had higher protein quantity [44]. Therefore, enrichment of milk with magnesium
not only makes the dairy products healthier, but also improves their technological properties and
increases potential availability of this essential mineral for absorption from the magnesium-enriched
products. Taking into account also the antimicrobial effect of magnesium, which results in longer shelf
life, enrichment of food with magnesium would result in healthier and inexpensive food (Figure 2).

8



Nutrients 2019, 11, 2363

Figure 2. Enrichment of food products, for instance, dairy products, with magnesium would provide
pronounced advantages and eventually result in healthier and efficient food products.

3. The Existing Need for the Enrichment of Food with Magnesium

Magnesium is a vital mineral that takes part in hundreds of enzymatic activities, and consumption
of a sufficient amount magnesium is highly important for human health. This vital cation also
plays important roles in the physiological functioning of the brain, heart, and skeletal muscles and
has anti-inflammatory properties. Low levels of magnesium are associated with a wide range of
diseases such as migraine, Alzheimer’s disease, hypertension, insulin resistance, pre-eclampsia and
cardiovascular diseases [1,46]. The recommended daily allowance of Mg2+ according to the US Food
and Nutrition Board is 420 mg for men and 320 mg for women. However, it is estimated that most
people do not consume the recommended daily allowance of magnesium [2,47,48], and about 10% to
30% of a given population are in a condition of Mg2+ deficiency (MGD) [49]. MGD as a result of low
intake of magnesium could potentially increase risks for various diseases. Hence, finding new means
to supply magnesium to humans is essential. According to [44] an evaluation of the bioavailability
potential of magnesium in milk enriched with 5–10 mM MgCl2, is ~75–90 mg/L. Hence, one needs
to consume over 3.5 L of fortified milk to reach the lower limit of the recommended daily allowance.
Nevertheless, consumption of milk fortified with Mg2+ will enable to increase the daily consumption
of magnesium. Enrichment of food products with magnesium may provide a novel mean to deliver
this important mineral to humans and other mammals [50].

4. Discussion

As mentioned above, magnesium plays a vital role as a cofactor in numerous enzymatic reactions
in the cell [1,2,51]. These include phosphorylation and catalytic reactions, carbohydrate metabolism,
lipid metabolism, as well as protein and nucleic acid synthesis. It also plays a role in the active transport
of calcium and potassium ions across cell membranes. This vital cation is highly important for the
human health [2,52,53]. Here, we elaborated on magnesium in the aspect of its antimicrobial effects.
At high concentrations, magnesium ions decrease adherence of bacteria to surfaces and impair biofilm
assembly. This makes the bacterial cells more sensitive to heat treatments. In dairy products, lower
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concentrations (~5mM) are required, maybe due to additional antimicrobial molecules found in the
milk. Therefore, addition of magnesium ions to food and especially to dairy products would result
in safer food with a longer shelf-life. Moreover, the magnesium ions also improve the technological
properties of the products, which eventually results in cheaper production costs. Most importantly,
enrichment of food products with magnesium ions would enable a new efficient source of consumption
of this important mineral.

5. Conclusions

Magnesium is a vital mineral, which is not consumed to a sufficient quantity. Addition of
magnesium to food matrices, for instance, to dairy products has several added benefits. First,
the antibacterial effect of Mg2+ ions enables development of the safer and healthier food. Second,
improvements in the technological properties of the magnesium supplemented food enables shorter
production time and high protein content of the food products. Finally, enrichment of the food with
Mg2+ ions provides a new source for the delivery of this vital mineral to humans.
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Abstract: Trace elements, like Cu, Zn, Fe, or Se, are important for the proper functioning of antioxidant
enzymes. However, in excessive amounts, they can also act as pro-oxidants. Accordingly, trace elements
influence redox-modulated signaling pathways, such as the Nrf2 pathway. Vice versa, Nrf2 target
genes belong to the group of transport and metal binding proteins. In order to investigate whether Nrf2
directly regulates the systemic trace element status, we used mice to study the effect of a constitutive,
whole-body Nrf2 knockout on the systemic status of Cu, Zn, Fe, and Se. As the loss of selenoproteins
under Se-deprived conditions has been described to further enhance Nrf2 activity, we additionally
analyzed the combination of Nrf2 knockout with feeding diets that provide either suboptimal, adequate,
or supplemented amounts of Se. Experiments revealed that the Nrf2 knockout partially affected
the trace element concentrations of Cu, Zn, Fe, or Se in the intestine, liver, and/or plasma. However, aside
from Fe, the other three trace elements were only marginally modulated in an Nrf2-dependent manner.
Selenium deficiency mainly resulted in increased plasma Zn levels. One putative mediator could
be the metal regulatory transcription factor 1, which was up-regulated with an increasing Se supply
and downregulated in Se-supplemented Nrf2 knockout mice.

Keywords: Nrf2; selenium; iron; copper; zinc; homeostasis

1. Introduction

Essential trace elements (TEs) are micronutrients with indispensable roles in enzymatic reactions,
which consequently modify signaling pathways. The effects of TEs are mostly attributed to their
redox-modulatory properties. TEs, such as Cu, Zn, and Fe but also Se, can act as pro-oxidants if present
in excess or if available as free unbound ions. Otherwise, antioxidant and protective enzymes, such as
the selenoproteins, glutathione peroxidases (GPX) and thioredoxin reductases (TXNRD) and also
Cu/Zn superoxide dismutase (SOD1), catalase, and metallothioneins (MT), depend on the supply with
specific TEs. Via both ways, TEs have the potential to influence redox-modulated signaling pathways.
Until now, many transcription factors have been shown to be sensitive towards the cellular redox status.
Among them, nuclear factor erythroid 2 p45-related factor 2 (Nrf2) is a better characterized one [1].

Under basal conditions the transcription factor Nrf2 is kept in the cytosol by its binding partner,
Kelch-like ECH-associated protein 1 (Keap1), which is anchored to the actin cytoskeleton and acts
as a scaffold for the cullin3-dependent E3 ubiquitin ligase complex. After poly-ubiquitination,
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Nrf2 is degraded via the proteasome. There are several ways to induce the nuclear translocation
and DNA binding of Nrf2. Of those, the best understood mechanism is the redox-dependent
modification of thiol groups in the Keap1 protein, which results in a conformational change
locking Nrf2 at Keap1. Newly synthesized Nrf2 can no longer be degraded and translocates to
the nucleus. Besides Keap1, caveolin 1, the ubiquitin ligase Skp, cullin, F-box containing complex (SCF),
and the retinoid X receptor α (RXRα) also interact with and repress Nrf2. Nrf2 target genes contain
so-called antioxidant-responsive elements (ARE) within their promoter regions (reviewed in [2]).
The list of Nrf2-regulated genes is further increasing continuously and comprises genes involved in
antioxidant defense, NADPH regeneration, glutathione synthesis, and drug detoxification, as well
as in metabolic control, including carbohydrate and lipid metabolism [3]. Nrf2 has previously been
shown to be modulated by changes in the cellular status of single TEs, e.g., Zn. Zn binding triggers
a conformational switch in the cullin3 substrate adaptor function of Keap1, thus Nrf2 becomes stabilized
and can activate the transcription of target genes [4]. Furthermore, Zn modulates the activity of several
kinases and phosphatases, which accordingly enhances Nrf2 activity (Table 1).

Vice versa, Nrf2 target genes belong to the group of selenoproteins or are involved in regulating
the systemic TE status (Table 1). This has already been studied for Fe [3]. In mice, Nrf2 is activated
in response to increased hepatic Fe levels [5]. Accordingly, Nrf2 protects the murine liver against
the toxicity of dietary Fe overload by preventing cell death of hepatocytes and enhancing Fe release [6].
During inflammation, Nrf2 induces ferroportin (Fpn1), the sole Fe exporter, to enhance Fe efflux from
macrophages or enterocytes [7]. Several Fe transport and binding proteins, like Fpn1, hepcidin (Hamp),
and ferritin, are Nrf2 target genes [8]. In addition, key enzymes of heme biosynthesis are induced
via Nrf2 (Table 1). Altogether, this battery of proteins reduces the pool of free intracellular Fe.
A comparable approach is the upregulation of MTs, a family of cysteine-rich proteins that bind Zn
and Cu via their thiol groups [9]. Another important mediator of Cu homeostasis is the Cu-transporting
ATPase 2 (Atp7b), the Wilson’s ATPase. Being primarily expressed in hepatocytes, Atp7b supports
the incorporation of Cu into ceruloplasmin (Cp) and enhances the excretion of Cu from the liver into
the bile [10,11].

Table 1. Effects of single trace elements on Nrf2 signaling (overview in [12]).

TE Nrf2 Pathway Activity TE-Related Nrf2 Target Genes

Cu
CuCl2 activates Nrf2;
Nrf2 is crucial for MRE/ARE-mediated transcription
in response to Cu [13]

MT1/2, SOD1

Fe cytotoxic concentrations of Fe activate Nrf2 in
murine primary astrocytes [14] and hepatocytes [6]

Fpn1, heme oxygenase (Hmox1) [15],
Hamp, ferritin (FTH-1, FTL) [16],
heme transporter (Slc48a1/HRG1),
ferrochelatase (Fech), biliverdin
reductases (BlvrA/B)

Se
a suboptimal Se status activates Nrf2 in mice [17];
high selenite concentrations enhance Nrf2 target
gene expression [18]

GPX2 [19], TXNRD1 [20]

Zn Zn upregulates Nrf2 function, e.g.,
via phosphorylation signals [21] MT1/2, SOD1

There is substantial cross-talk between Nrf2 and other transcription factors, including the aryl
hydrocarbon receptor (AhR), nuclear factor κ-light-chain-enhancer of activated B cells (NF-κB),
tumor suppressor protein p53, and Notch making Nrf2, an important factor in regulating immune
defense, differentiation, and tissue regeneration, as well as cell death [22]. Another interesting
interaction could take place with the metal regulatory transcription factor 1 (MTF1), which senses Cu
and Zn and binds to metal-responsive elements (MREs) in the promoter of target genes. These include
the zinc transporter solute carrier family 30 member 1 Slc30A1, encoding for ZnT1, as well as MT1
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and 2, but also selenoproteins, like Selenoh, Selenow, and TXNRD2, modulators of the Fe status, like
Fpn1 and Hamp [23], and Atp7b [24]. In particular, MT genes often contain AREs next to MREs and are
activated via Nrf family members. For MT1, this activation has been shown by Nrf1 as well as by Nrf2,
especially in response to the cellular Zn status, albeit to a smaller extent [25]. Thus, MTF1 could be
a potential link between Nrf2 signaling and regulation of TE homeostasis.

In most previous studies, the authors focused on high concentrations and pro-oxidant effects of
overloading single TEs, e.g., Se. However, we have previously shown that Nrf2 becomes activated
under conditions of a suboptimal Se status in the duodenum [17] and liver [26] of mice. NAD(P)H
quinone dehydrogenase 1 (NQO1) activity was analyzed as one of the most strongly regulated target
genes of Nrf2. Most probably, the Nrf2 activation is an attempt to compensate for the reduced
expression of antioxidant selenoproteins. This condition has a much higher physiological relevance
than Se supplementation because of the suboptimal nutritional Se supply prevailing in Europe [27].
The U-shaped effect on Nrf2 activity observed for Se could also be true for other TEs; however, this has
not been studied systematically so far.

Based on the results obtained for single TEs, we aimed to study the effect of a whole-body Nrf2
knockout (KO) in mice on the systemic TE status of Fe, Se, Cu, and Zn. A suboptimal Se status
results in limited expression of Se-sensitive selenoproteins. As reduced expression of selenoproteins,
such as TXNRD1, under Se-deprived conditions further enhances Nrf2 activity [28], we also studied
the combination of Nrf2 KO mice with feeding diets that provide either a suboptimal, adequate,
or supplemented amount of Se. Focusing only on wild type (WT) mice with different Se statuses
allowed the question of whether changes in a single TE (in this case Se) affect the homeostasis of three
other TEs to be addressed. In addition to markers for the TE status, TE-related Nrf2 target genes were
analyzed in the liver of those mice.

2. Materials and Methods

2.1. Animal Experiment

Animal experiments were approved by the ethics committee of the Ministry of Agriculture
and Environment (State Brandenburg, Germany) and all methods were carried out in accordance
to permission number V3-2437-29-2012. Nrf2 KO mice on a C57BL/6J background were kindly
provided by Masayuki Yamamoto (Tohoku University Graduate School of Medicine) and genotyped
as previously described [29]. Adult male and female mice were used for the animal experiments that
were group-housed and random-caged with ad libitum access to a standard chow diet (Ssniff, Soest,
Germany, Table 2), with an Se content of 0.3 mg/kg diet, deionized water, 23 ◦C, and a 12:12 h dark:light
cycle. Those mice were sacrificed at an age of 6 months.

Table 2. Estimated trace element requirements of mice [30] and trace elements in the diets used.

TE Requirement (mg/kg)
Chow (Ssniff)

(mg/kg)
Altromin C1045 (mg/kg)

Cu 6 8.8 2.7
Fe 35 215 151
Se 0.15 0.3 0.03
Zn 10 97 57

In the second experiment, male WT and Nrf2 KO mice were weaned onto a diet based on torula
yeast (Altromin C1045; Lage, Germany, Table 2) with a low basal selenium content of 0.03 mg/kg.
For the selenium adequate (+Se) and the supplemented (++Se) diets, the basal chow was enriched
with L (+)-selenomethionine (Fisher Scientific, Schwerte, Germany) to a final selenium content of
0.15 or 0.6 mg/kg, respectively. The Se, Fe, Cu, and Zn concentration of the diets was measured by
ICP-MS/MS. Diets were fed for 6 weeks until an age of 10 weeks before mice were anesthetized by
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isoflurane (Abbot, Wiesbaden, Germany), and blood was withdrawn by heart puncture. Plasma was
obtained after centrifugation of the blood for 15 min (1200× g and 4 ◦C).

2.2. ICP-MS/MS Analysis of TE

Frozen tissue (liver or duodenum) was pulverized using a TissueLyser (Qiagen, Hilden, Germany)
for 2 × 30 s at maximum speed. Feed samples were pulverized by mortar and pestle. About
50 mg of each sample were weighed precisely into polytetrafluoroethylene (PTFE) microwave vessels.
For mouse tissue, the variance was found to be far below 5% between replicates of the same mouse
(data not shown); therefore, only one replicate was analyzed to preserve tissue for other experiments.
However, in the case of obvious outliers, the sample was digested and analyzed again. Due to high
in-batch variance in the chow diets from some manufacturers, at least three independent replicates
were prepared in the case of feed samples. For tissue samples, 1000 μL of concentrated HNO3 (65%,
suprapure, Merck, Darmstadt, Germany), 50 μL of a solution containing 100 μg Rh/L (made from
10 mg/L single-element stock solution, Carl Roth, Karlsruhe, Germany) as the internal standard,
and 950 μL ultrapure water were added. For feed samples, 900 μL of concentrated HNO3, 250 μL of
H2O2 (30%, Merck/Sigma-Aldrich, Darmstadt, Germany), and 810 μL of ultrapure water were added.
In addition, 20 μL of a solution containing 1000 μg Rh/L and 20 μL of 10,000 μg 77Se/L (made from
a 10,000 mg/L stock solution, prepared from isotopically enriched 77Se (97.20 ± 0.20% 77Se; 0.10% 74Se;
0.40 ± 0.10% 76Se; 2.40 ± 0.10% 78Se; 0.10% 80Se; 0.10% 82Se as certified by Trace Sciences International,
ON, Canada), purchased from Eurisotop SAS (Saarbrücken, Germany), were added as internal standard
or isotope dilution standard, respectively. The samples were then digested in a Mars 6 microwave
digestion system (CEM, Kamp-Lintfort, Germany) by heating to 200 ◦C over a period of 10 min
and holding this temperature for 20 min. In each digestion, two blank samples and 50 mg of certified
reference material ERM-BB 422 (fish muscle) or ERM BB 186 (pig kidney, Merck/Sigma-Aldrich) were
carried along to ensure accuracy of results. Samples were repeated if the recovery for any analyzed
element deviated by more than 10% from the reference value and/or was outside the error range
of the material. After digestion, samples were quantitatively transferred to 15-mL polypropylene
tubes combined with two times 475 μL (tissue) or 1 mL (feed) of ultrapure water from vessel rinsing.
The samples were kept at 4 ◦C until one day prior to measurement, when they were further diluted 1 + 4
in 15-mL polypropylene tubes to give a final concentration of 2.93% HNO3, as well as either 2.5 μg
Rh/L (tissue) or 1 μg Rh/L and 10 μg 77Se/L (feed). Mixed-element calibration standards were made to
match the concentration of HNO3 and the internal standard in the diluted digests from 1000 mg/L
single-element stock solutions (Carl Roth). Calibration ranges were Fe: 5–1000 μg/L, Cu: 0.5–100 μg/L,
Zn: 2.5–500 μg/L, Se: 0.05–10 μg/L. For Se isotope dilution analysis (IDA), a solution containing 10 μg
77Se/L, as well as a 1 + 1 mixture of 10 μg 77Se/L and 10 μg naturally distributed Se/L was prepared.
Solutions were then analyzed via ICP-MS/MS (8800 ICP-QQQ-MS, Agilent Technologies, Waldbronn,
Germany at 1550 W plasma Rf power, equipped with Ni-cones, MicroMist nebulizer at 1.2 L Ar/min
and Scott-type spraychamber) monitoring the following mass to charge ratios (Q1→Q2): He-mode: Fe
(56→56), Cu (63→63), Zn (66→66), Rh (103→103); O2-mode: Se (77→93), Se (80→96), Rh (103→103).
Elements in He-mode were determined via external calibration after internal standard correction using
Rh and Se was also determined either via external calibration (tissue) or via isotope dilution analysis
(IDA) (feed) as described previously [31]. The instrument was optimized on a daily basis for maximum
sensitivity across the relevant mass range (He: Co (59→59), Y (89→89), Tl (205→205); O2: Co (59→59),
Y (89→95), Tl (205→205)), an oxide ratio of <1.5% (156(CeO)+/140Ce+), and a doubly charged ratio of
<2% (140Ce2+/140Ce+), as well as a background of <0.1 CPS prior to measurement.

The applied method for the analysis of TEs in murine plasma has been described previously [32].
In brief, 50 μL of murine plasma were diluted 1 + 9 with a dilution mix (5 vol.-% butanol (99%,
Alfa Aesar, Karlsruhe, Germany), 0.05 m.-% Na-EDTA (Titriplex® III, pro analysis, Merck), 0.05 vol.-%
Triton™ X-100 (Merck Sigma-Aldrich), and 0.25 vol.-% ammonium hydroxide (puriss. p.a. plus, 25% in

16



Nutrients 2019, 11, 2112

water, Fluka, Buchs, Germany)), as well as internal standards (final concentrations: 1 μg Rh/L and 30 μg
77Se/L). The diluted sample was then subjected to analysis for Fe, Cu, Zn, and Se (IDA) via ICP MS/MS.

2.3. RNA Isolation, Reverse Transcription, and Quantitative Real-Time PCR

The mRNA was isolated from frozen and pulverized (TissueLyser; Qiagen) tissues with
the Dynabeads mRNA DIRECT Kit (Life Technologies, Fisher Scientific) according to the manufacturer’s
protocol. Reverse transcription (RT) was performed with 150 ng mRNA, 0.15 pmol oligo(dT)15 primers,
1× RT buffer, 700 μM dNTPs, 0.1 mg/mL BSA, 30 U RNasin® (Promega, Mannheim, Germany),
and 180 U Moloney murine leukemia virus reverse transcriptase (M-MLV RT, Promega) in a total
volume of 45 μL. Real-time PCR was performed in a total volume of 25 μL with 1 μL of 1 + 9 diluted
cDNA measured in triplicates using a Mx3005P QPCR System (Agilent). SYBR Green I (Molecular
Probes, Eugene, OR, USA) served as the fluorescent reporter. The annealing temperature was 60 ◦C
for all PCR reactions and specificity was confirmed by a melting curve analysis. All PCR products
were quantified with a standard curve to correct for differences in PCR efficiencies. Primer sequences
(Sigma-Aldrich, Steinheim, Germany) are listed in Table 3. A normalization factor was calculated from
the two reference genes, Epcam and Rpl13a, and used for normalization.

Table 3. Primer sequences (5′→3′).

Gene RefSeq-ID Sequence

Atp7b, ATPase copper transporting beta NM_007511.2 CAGATGTCAAAGGCTCCCATTCAG
CCAATGACGATCCACACCACC

Cp, ceruloplasmin NM_001276248.1 GTACTACTCTGGCGTTGACCC
TTGTCTACATCTTTCTGTCTCCCA

DMT1, divalent metal transporter 1 NM_001146161.1 CTCAGCCATCGCCATCAATCTC
TTCCGCAAGCCATATTTGTCCA

Epcam, epithelial cell adhesion molecule NM_008532.2 TCATCGCTGTCATTGTGGTGGT
TCACCCATCTCCTTTATCTCAGCC

Fpn1, ferroportin NM_016917.2 CTGGTGGTTCAGAATGTGTCCGT
AGCAGACAGTAAGGACCCATCCA

Fth1, ferritin heavy polypeptide 1 NM_010239.2 CGCCAGAACTACCACCAGGA
TTCTTCAGAGCCACATCATCTCGG

Hamp, hepcidin NM_032541.1 AAGCAGGGCAGACATTGCGA
TGCAACAGATACCACACTGGGA

MT2, metallothionein 2 NM_008630.2 CTGTGCCTCCGATGGATCCT
CTTGTCGGAAGCCTCTTTGCAG

NQO1, NAD(P)H quinone dehydrogenase 1 NM_008706.4 ATGTACGACAACGGTCCTTTCCAG
GATGCCACTCTGAATCGGCCA

Rpl13a, ribosomal protein L13a NM_009438.5 GTTCGGCTGAAGCCTACCAG
TTCCGTAACCTCAAGATCTGCT

Selenow, selenoprotein W NM_009156.2 ATGCCTGGACATTTGTGGCGA
GCAGCTTTGATGGCGGTCAC

Tfrc, transferrin receptor NM_011638.4 GGCTGAAACGGAGGAGACAGA
CTGGCTCAGCTGCTTGATGGT

Zip14, solute carrier family 39 member 14 NM_001135151.1 GCCTCACCATCCTGGTATCCGT
AGCAGACGAGGCATGAGTCTGG

2.4. ELISA

Ferritin and transferrin were measured in plasma samples using Mouse Ferritin and Transferrin
ELISA (ALPCO, Salem, MA, USA) following the manufacturer’s instruction. Therefore, plasma
samples were either diluted 1:20 or 1:200,000, respectively.
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2.5. Western Blot

To obtain protein lysates, frozen liver samples were homogenized in Tris buffer (100 mM Tris,
300 mM KCl, pH 7.6 with 0.1% Triton X-100 (Serva, Heidelberg, Germany)) using a TissueLyser (Qiagen)
for 2 × 30 s at maximum speed. Cellular debris was removed by centrifugation (14,000× g, 15 min,
4 ◦C) and protein concentrations were determined by Bradford analysis (Biorad, München, Germany).
After SDS polyacrylamide gel electrophoresis, gels were immunoblotted to nitrocellulose and blots were
blocked in 5% non-fat dry milk in Tris-buffered saline containing 0.1% Tween 20 at room temperature
for 1 h. The following antibodies were used: Rabbit anti-Ferritin-H (151023, Abcam, Cambridge,
UK; 1:500), rabbit anti-MT (192385, Abcam; 1:1000), rabbit anti-Ctr1 (129067, Abcam; 1:2000), rabbit
anti-MTF-1 antibody (86380, Novus Biologicals, Centennials, US; 1:250), and rabbit anti-β-Actin
(8227, Abcam; 1:10,000). Horseradish peroxidase-conjugated goat anti-rabbit IgG (Chemicon, Hofheim,
Germany; 1:50,000) served as secondary antibody. Intensities of identified bands were quantified
densitometrically with the Luminescent Image Analyzer LAS-3000 system (Fujifilm, Tokyo, Japan).
Protein expression was normalized to β-actin expression or Ponceau staining.

2.6. Enzyme Activities

Protein lysates were prepared as described in the section ‘Western Blot’. Measurements of
NQO1 [17], TXNRD [33], GPX [34], and glutathione S transferase (GST) [35] activities have been
described previously. Briefly, NQO1 activity was examined by a menadione-mediated reduction of
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT). TXNRD activity was measured
by the NADPH-dependent reduction of 5,5′-dithiobis (2-nitrobenzoic acid) (DTNB). GPX activity
was determined in an NADPH-consuming glutathione reductase coupled assay. GST activity was
conducted using 1-chloro-2,4-dinitrobenzene (CDNB) as substrate in the presence of reduced glutathione.
All measurements were performed in triplicates using 96-well plates and a microplate reader (Synergy2,
BioTek, Bad Friedrichshall, Germany).

2.7. Statistics

Data are shown as mean + SD. Statistical significance was calculated by GraphPad Prism version
5 (San Diego, CA, USA) using two-way analysis of variance (ANOVA) with Bonferroni’s post-test
as indicated in the figure legends. A p-value below 0.05 was considered statistically significant.

3. Results

To address the question of whether Nrf2 not only modulates the status of single TEs, such as Fe,
but also of several TEs in parallel, we analyzed Se, Fe, Cu, and Zn in male and female Nrf2 KO mice
fed a standard chow diet. TE concentrations were assessed in the intestine, liver, and plasma. Fe was
retained more in the liver and small intestine of Nrf2 KO than in WT mice (Figure 1A,B). Consequently,
plasma Fe levels were reduced but only in female mice (Figure 1C).

No changes were observed concerning the Fe markers, ferritin and transferrin (Figure S1A,B).
In parallel, intestinal Se (Figure 1D) and Zn (Figure 1G) concentrations were reduced in Nrf2 KO
compared to WT mice. This was also partially reflected in the Se and Zn plasma and liver values
but less consistently. Nrf2-mediated changes of the Cu status appear to be sex specific as only female
mice showed lower plasma Cu levels upon loss of Nrf2 (Figure 1L). Overall, Nrf2 reduced the systemic
Fe status but increased Se and Zn. Female WT mice had higher plasma levels of Fe, Zn, and Cu.
In the liver, amounts of Fe and Se were increased in female mice. In general, chow diets contain high
amounts of all TEs, usually at least twice the recommended amounts. Thus, Nrf2-modulated effects
might be more pronounced under conditions of limited TE access.

To analyze the role of the Se status on other TEs in combination with loss of Nrf2, both WT and Nrf2
KO mice were weaned onto one of three diets containing suboptimal (0.03 ppm), adequate (0.15 ppm),
or supplemented (0.6 ppm) amounts of Se. The experimental set-up was chosen according to previous
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feeding experiments to efficiently reduce the Se status in the –Se group. For better comparability with
previous experiments, only male mice were studied [17]. In addition, the remaining three TEs were
reduced in the torula yeast-based diet as compared to the chow diet (Table 2).

Figure 1. Fe (A–C), Se (D–F), Zn (G-I), and Cu (J–L) concentrations in the jejunum (A,D,G,J),
liver (B,E,H,K), and plasma (C,F,I,L) of six-month-old male and female Nrf2 KO and WT mice fed
a standard chow diet with 0.3 ppm Se. The TE profile was analyzed using ICP-MS/MS. Scatter dot plots
with mean (n = 6–7). * p < 0.05; ** p < 0.01; *** p < 0.001 vs. WT and # p < 0.05; ## p < 0.01; ### p < 0.001
vs. male (two-way ANOVA with Bonferroni’s post-test).

As expected, the dietary approach successfully modulated the Se status of the different feeding
groups (Figure 2A,B). The Se content of the chow diet fed in experiment one was 0.3 ppm and thus
between the amount of the +Se (0.15 ppm) and the ++Se (0.6 ppm) diets. Comparing the plasma
Se content in both experiments (Figures 1F and 2A) revealed that the +Se diet with 0.15 ppm was
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already able to set the plasma Se concentration to almost 300 μg/L, which was nearly the same amount
as measured in the 0.3 (Figure 1F) or 0.6 ppm Se groups (++Se, Figure 2A).

Figure 2. Biomarkers of the Se status. Se concentrations in the plasma (A) and liver (B) of Nrf2 KO
and WT male mice fed diets with defined Se contents (–Se: 0.03 ppm; +Se: 0.15 ppm; ++Se: 0.6 ppm).
The TE profile was analyzed using ICP-MS/MS. Enzyme activity of TXNRD (C) and GPX (D) was
analyzed together with mRNA expression of Selenow (E) from liver samples of male Nrf2 KO and WT
mice. Bars represent means + SD (n = 4-5). * p < 0.05; *** p < 0.001 vs. WT and ## p < 0.01; ### p < 0.001
vs. –Se (two-way ANOVA with Bonferroni’s post-test).

In order to confirm that loss of Nrf2 resulted in diminished expression of classical Nrf2 target
genes, NQO1 activity (Figure 3A) was analyzed. Enzyme activity was substantially decreased in Nrf2
KO mice. Basal NQO1 mRNA levels were much higher in female than in male mice (Figure S1C).
To our surprise, NQO1 activity was not increased under –Se conditions but was significantly decreased
in comparison to the +Se or ++Se groups. In Nrf2 KO mice, no Se-dependent effect was detectable.
Comparable results were obtained for total GST activity (Figure 3B).
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Figure 3. Hepatic enzyme activities as markers for Nrf2 activity. The Nrf2 target gene NQO1 was
measured by an activity assay (A). Total enzyme activity of all GST isoforms was measured by an activity
assay (B). Samples were the liver of Nrf2 KO and WT male mice fed diets with defined Se contents (–Se:
0.03 ppm; +Se: 0.15 ppm; ++Se: 0.6 ppm). Bars represent means + SD (n = 4–5). *** p < 0.001 vs. WT
and # p < 0.05; ### p < 0.001 vs. –Se (two-way ANOVA with Bonferroni’s post-test).

Besides Nrf2 target genes, selenoprotein expression was also studied. Classical biomarkers of
the murine Se status, such as TXNRD and GPX activity, already reached a plateau in the +Se groups
and could not be further increased by the++Se supply (Figure 2C,D). Total TXNRD activity was reduced
in Nrf2 KO mice, because TXNRD1 expression is regulated via Nrf2 (Figure 2C). Total hepatic GPX
activity, mainly reflecting GPX1 activity, was not affected by the loss of Nrf2 (Figure 2D). Under certain
conditions, selenoprotein mRNAs could also serve as biomarkers of the Se status, which is the case
for Selenow, showing a four-fold increase in the Se-treated groups in comparison to the –Se group
(Figure 2E). Under +Se conditions, Selenow expression was significantly lower in Nrf2 KO than in WT
mice and in the ++Se groups there was a trend (p < 0.09; Figure 2E). Together with a small reduction of
the hepatic Se content, this might indicate that the Se status is lower in Nrf2 KO than in WT mice.

As shown before (Figure 1C and Figure S1A,B), Fe, ferritin, and transferrin plasma levels were
unaffected by Nrf2 in male mice (Figure 4A–C). In addition, all three parameters were independent of
the Se status. The increased Fe tissue retention described under chow diet conditions (Figure 1) was
only significant under –Se conditions in the liver in this case (Figure 4D). To study putative mechanisms
for the observed Fe accumulation in the liver, the expression of different Fe-related genes/proteins
were tested.

First, we tested Hamp expression in the liver, because Hamp is the major regulator of Fe
homeostasis, which is upregulated in response to an increase in Fe levels. Recently, it has been shown
that this upregulation is partially impaired in Nrf2 KO livers [36]. Herein, we could not observe
an upregulation in –Se Nrf2 KO livers (Figure 4E). Hamp is known to limit the expression of the Fe
exporter Fpn1 in the intestine to reduce systemic Fe levels. Indeed, Fpn1 expression was reduced in
the duodenum of both –Se and ++Se Nrf2 KO mice (Figure 4F). Under physiological conditions, Fe is
transported in the plasma bound to transferrin, which is taken up by the hepatocytes by binding to
the transferrin receptor (TfR). The mRNA expression of TfR was only upregulated in the –Se Nrf2 KO
mice (Figure 4G) together with expression levels of the Fe transporter DMT1 (Figure 4H), which is
consistent with higher Fe levels in the liver. In the plasma, ferrous Fe is immediately oxidized to ferric
Fe by Cu-dependent Cp, and then bound to transferrin. Also, Cp was upregulated in the –Se Nrf2 KO
group (Figure 4I). Cp is an acute phase protein, which is known to be sensitive towards inflammation.
However, no increase in hepatic inflammatory cells has been detected in Nrf2 KO mice previously [37].
Intracellularly, Fe is efficiently bound to ferritin. The subunit ferritin H (FTH) is regulated by Nrf2 [16].
Herein, mRNA of FTH was only reduced under +Se and ++Se conditions (Figure 4J). However, ferritin
H protein levels were almost undetectable also in –Se Nrf2 KO mice (Figure 4K,L). In addition, ferritin
H protein was upregulated under –Se conditions in WT mice in comparison to +Se WT mice.
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Figure 4. Biomarkers of the Fe status. Fe (A), ferritin (B), and transferrin (C) concentrations in the plasma
of male Nrf2 KO and WT mice fed diets with defined Se contents (–Se: 0.03 ppm; +Se: 0.15 ppm; ++Se:
0.6 ppm). Additionally, Fe concentration in the liver (D) as well as mRNA and protein expression of
Fe-related genes/proteins in the liver were determined by qPCR or western blot, respectively (E,G–L).
Ferroportin mRNA was measured in the duodenum (F). The TE profile was analyzed using ICP-MS/MS
(A,D). Further Fe plasma parameters were detected by ELISA (B,C). Bars represent means+ SD (n= 4–5).
* p < 0.05; ** p < 0.01; *** p < 0.001 vs. WT and # p < 0.05; ## p < 0.01; ### p < 0.001 vs. –Se (two-way
ANOVA with Bonferroni’s post-test).

As in the previous experiment (Figure 1), there was no effect of Nrf2 on hepatic or plasma Cu
levels under ++Se conditions, but under –Se and +Se conditions hepatic Cu levels were reduced
(Figure 5B) while plasma values were increased in the –Se Nrf2 KO group (Figure 5A). The latter
obviously resulted from lower Cu levels of –Se WT mice in comparison to +Se WT mice. Higher
expression levels of Atp7b (Figure 5G) might be the reason for lower Cu levels in –Se Nrf2 KO mice,
while at the same time, higher Cu plasma levels could be explained by more efficient binding of Cu to
Cp (Figure 4I) being excreted from hepatocytes. The Cu transporter 1 (Ctr1) is important for Cu as well
as Zn absorption in the intestine; however, hepatocytes also express Ctr1 in relevant amounts to take
up Cu from the circulation. Ctr1 protein expression was completely unaffected by the Nrf2 genotype
or Se supply (Figure 5C).
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Figure 5. Biomarkers of the Cu and Zn status. Cu and Zn concentrations in the plasma (A,C) and liver
(B,D) of male Nrf2 KO and WT mice fed diets with defined Se contents (–Se: 0.03 ppm; +Se: 0.15 ppm;
++Se: 0.6 ppm), analyzed by ICP-MS/MS. Additionally, mRNA (F–H) and protein expression (C, I–J)
of Cu- and Zn-related genes/proteins in the liver of these animals were determined. Western blots were
normalized to the Ponceau staining (P). Bars represent means + SD (n = 4–5). * p < 0.05; ** p < 0.01;
*** p < 0.001 vs. WT and # p < 0.05; ## p < 0.01; ### p < 0.001 vs. –Se (two-way ANOVA with Bonferroni’s
post-test). C = Ctr1.

As seen before, hepatic Zn levels were neither affected by Nrf2 nor by Se status (Figure 5E).
However, plasma concentrations were substantially reduced in Nrf2 KO mice under –Se conditions
(Figure 5D). There was a concentration-dependent decrease of plasma Zn values with an increasing
Se supply. In contrast to other members of the Zip family, Zip14 transports not only Zn but also Fe.
Herein, intracellular Fe concentrations were increased in –Se Nrf2 KO mice, and at the same time,
Zip14 mRNA levels were upregulated under these conditions (Figure 5F). Also, MT2 shows a very
similar mRNA expression pattern (Figure 5H) to Zip14. It was highly upregulated in –Se Nrf2 KO
livers. However, western blots with an antibody against all MT isoforms could not confirm the effect
observed for MT2 mRNA expression (Figure 5I). As a potential mechanistic link between regulated
genes and the Nrf2 and Se status, MTF1 expression was analyzed in the liver. MTF1 was significantly
downregulated in ++Se Nrf2 KO mice (Figure 5J), but MTF1 levels declined with reduction of the Se
status and thus the Nrf2 KO effect was lost under +Se and –Se conditions.
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4. Discussion

It is well established that the transcription factor Nrf2 is an important mediator of Fe homeostasis [8].
In this study, we addressed the question of whether other trace elements, such as Se, Zn, and Cu, are
modulated by Nrf2 as well. A reduction of Nrf2 levels and responsiveness is a relevant health condition
that physiologically takes place during aging [38]. Thus, the question arises whether age-specific
changes in TE profiles [39] might be related to Nrf2. Recently, it has been examined that Nrf2 activity
levels strongly differ in the liver of male and female mice [40]. Also, herein, we were able to show that
basal NQO1 mRNA expression in WT livers is much higher in female than in male mice (Figure S1C).
Thus, sex differences of TEs could be attributed to higher Nrf2 activity as well. All three TEs, Fe, Cu,
and Zn, were indeed higher in the plasma of female than in male mice (Table 4), but the underlying
mechanisms are unclear so far. Also, MT2 mRNA levels were substantially higher in female livers
but at the same time independent of the Nrf2 status (Figure S1E).

Table 4. Effects of Nrf2 genotype, sex, and a suboptimal Se status on homeostasis of Fe, Zn, and Cu.

TE
Nrf2 Genotype

(KO vs. WT)
Sex in WT Mice

(Female vs. Male)
Se Effect in WT Mice

(–Se vs. +/++Se)

Cu intracellular Cu→
plasma Cu (↓) plasma Cu ↑ plasma Cu→

Fe intracellular Fe ↑
plasma Fe biomarkers→ liver and plasma Fe ↑ only hepatic ferritin H ↑

Se intracellular Se ↓
plasma Se→ liver Se ↑ ↓ as expected

Zn intestinal and plasma Zn ↓
liver Zn→ plasma Zn ↑ plasma Zn ↓

We observed an increase in Fe tissue levels upon loss of Nrf2 (Figure 1A,B and Figure 4D).
Vice versa, Nrf2 protects the murine liver against dietary Fe overload by enhancing Fe release [6].
Combining a genetic mouse model for hereditary hemochromatosis with an Nrf2 KO results in hepatic
fibrosis, which could otherwise be prohibited by upregulation of Nrf2 target genes [41]. Furthermore,
under conditions of nutritional steatohepatitis, Nrf2 inhibits hepatic Fe accumulation and thereby
counteracts oxidative stress [42]. Recently, it has been shown that Fe-induced Nrf2 activation enhances
bone morphogenetic protein 6 (Bmp6) signaling, which upregulates hepcidin expression to fine-tune
Fe homeostasis [36]. One of the first observations indicating a change in Fe homeostasis in Nrf2 KO
mice was the finding that Nrf2 KO mice have abnormally white teeth in comparison to WT mice due
to defective Fe utilization during tooth development [43]. Higher Fe tissue levels can be attributed to
the Fe exporter Fpn1, which was downregulated in male Nrf2 KO mice (Figure 4F and Figure S1D),
and to the hepatic Fe importers, TfR and DMT1 [44], which were upregulated in –Se Nrf2 KO mice
(Figure 4G,H). Also, Zip14 was strongly induced in –Se Nrf2 KO mice (Figure 5F). Zip14 was originally
described as a Zn importer with the highest expression in the jejunum and liver, but it is now established
that it transports further TEs, such as Fe [45]. Under conditions of Fe depletion, Zip14 membrane
localization is impaired based on post-translational modifications [46]. Under physiological conditions,
Fe is mainly transported bound to transferrin. Thus, TfR appears to be of major relevance for Fe
uptake into the liver. To get an idea of the putative crosstalk between several TEs, we included DMT1
and Zip14, as those not only transport Fe but also additional TEs. Usually, the intracellular free labile
Fe pool is tightly regulated. One of the most important regulating proteins is ferritin, which is able to
bind up to 4,500 Fe atoms in its core [47]. The amount of intracellular ferritin H was strongly reduced
in Nrf2 KO mice (Figure 4J–L), especially on the protein level, indicating that the labile free Fe pool
is substantially increased under those conditions. Ferritin can be secreted from both hepatocytes
and Kupffer cells to contribute to plasma ferritin levels in addition to the relevant amounts secreted
by macrophages [48]. Surprisingly, plasma ferritin levels stayed unaffected by the Nrf2 genotype

24



Nutrients 2019, 11, 2112

(Figure 4B and Figure S1A). This might be explained by the fact that plasma ferritin mostly consists of
the ferritin L subunit and not H [49], even though ferritin L has been identified as an Nrf2 target gene
as well [50]. Based on the observed substantial downregulation of ferritin H, effects of Fe on the liver
are supposed to be stronger than detected. Eventually, Fe availability to the systemic circulation is also
reduced in Nrf2 KO mice, counteracting the loss of Nrf2-mediated limitation of the intracellular free Fe
pool. Indeed, intestinal Fpn1 expression was reduced in Nrf2 KO mice (Figure 4F), indicating that
absorbed Fe might be retained there and released back into the intestinal lumen when enterocytes go
into apoptosis. In line with this, Fe plasma levels were reduced in Nrf2 KO mice but only in females
(Figure 1F).

In parallel to Fe, intracellular levels of Se and Zn were affected by loss of Nrf2 as well. In this
case, both were reduced. Also, plasma Cu levels were slightly reduced in Nrf2 KO mice (overview in
Table 4). Overall, these effects were rather small. For Se, the small reduction in liver Se levels could
not be confirmed by analyzing selenoproteins, which respond very sensitively towards changes in
the Se status. This was the case for total GPX activity. Only Selenow mRNA expression, which might
be a useful additional biomarker for the Se status [51], was slightly reduced in Nrf2 KO mice under
+Se conditions (Figure 2E). Thus, Nrf2 does not appear to be a major regulator of the Se status.

Comparable to Zip14, mRNA levels of Atp7b, the essential ATPase for Cu export into the bile [10],
were upregulated under –Se Nrf2 KO conditions (Figure 5F,G). Additionally, DMT1 (Figure 4F) and MT2
revealed a similar expression pattern (Figure 5H), which could not be confirmed on the protein level
when using an antibody capable of detecting all MT isoforms (Figure 5I). MT isoforms are cysteine-rich
proteins that efficiently bind Cu and Zn to reduce the amount of both TEs in their free form [9]. Feeding
of rats with the Nrf2 activator sulforaphane resulted in a robust induction of genes encoding for
MT-1/2 and MT1a [52]. The MT1 promoter contains an ARE that is activated by Nrf1 and Nrf2, but in
the latter case, not to the same extent. In Nrf1 KO mice, basal levels of both MT1 and MT2 genes
were reduced [25]. Herein, we did not detect any downregulation of MT2 mRNA upon loss of Nrf2.
As several genes (MT2, Atp7b, Zip14, Cp, TfR, and Dmt1) showed a comparable expression pattern,
being induced specifically under –Se Nrf2 KO conditions, the question arose if there is a common
regulator. One possibility would be MTF1, which regulates MT expression in response to Zn or Cu [53].
Recently, it has been shown that the disruption of an MTF1 binding site by a homozygous variant in
the promoter of Atp7b likely causes Wilson disease [24]. In addition, the induction of Fpn1 transcription
by MTF1 has been shown [54]. However, there was no detectable MTF1 activation in –Se Nrf2 KO
livers. In contrast, MTF1 was upregulated in a concentration-dependent manner as a response to Se.
Only under ++Se conditions, an Nrf2 genotype effect was detectable, showing lower MTF1 levels
upon loss of Nrf2. Thus, MTF1 expression does not provide an obvious explanation for the observed
mRNA expression pattern of some MTF1 target genes.

Besides DMT1, Ctr1 is the main universal Cu importer in mammalian cells. A KO of
Ctr1 in the intestine resulted in peripheral Cu hypoaccumulation. In parallel, hepatic Fe levels
were upregulated [55]. Expression of Ctr1 was unaffected by the Nrf2 genotype and hepatic
Se levels (Figure 5C). Furthermore, an Se-dependent reduction of plasma Zn concentration was
observed (Figure 5D). An intestine-specific Ctr1 KO did not modulate the systemic Zn status [55],
while liver-specific Ctr1 KO mice showed a transient increase in hepatic Zn levels but not in serum [56].
Taken together, homeostasis of Zn and Cu also appears to be regulated rather independently of Nrf2.
However, it is possible that there are short-term effects of Nrf2 on TE homeostasis, which might be
undetectable in constitutive KO mice because of putative adaptation processes in response to a loss of
Nrf2 over time.

We and others have shown previously that a suboptimal selenium supply results in Nrf2 activation
predominantly in the liver and intestine of mice [17,57]. This can be attributed mainly to low levels of
the selenoproteins TXNRD1 and GPX4, as single KOs of one of these two selenoproteins also activate
Nrf2 [28,58–60]. Patients with Kaschin–Beck disease, a disease diagnosed under conditions of Se
deficiency, have been characterized by higher expression of Nrf2 and its target gene Hmox1 in whole
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blood samples as compared to healthy controls, indicating potential Nrf2 activation in humans under
Se deficient conditions [61]. However, in this case, we could not confirm previous results and observed
no Nrf2 activation indicated by NQO1 and GST activity in the liver (Figure 3) or intestine (Figure S2)
of mice fed an –Se diet, even though the levels of TXNRD and GPX activity were in a comparable
range to previous experiments [17,26]. Only the Nrf2 target gene ferritin H was clearly upregulated
in –Se WT livers and was almost lost in Nrf2 KO mice (Figure 4K,L). This phenomenon has also
been described in another recent study analyzing the response to lifelong dietary Se interventions in
mice. Additionally, in this study, no effect of an Se-deficient diet could be observed on hepatic Nrf2
response genes considering whole transcriptome analyses [62]. Another study found that Se deficiency
affected the expression of neither Hmox1 nor NQO1 [63]. In those two studies, and similar to our study,
Se deficiency decreased the expression of important selenoproteins but did not activate Nrf2. Thus, it
has been suggested that a low Se status interacts with another dietary or environmental component to
regulate the Nrf2 response but is not sufficient by itself [62].

Therefore, the initial aim of studying the crosstalk between Nrf2 and selenium status in modulating
three other TEs is difficult to address under the present conditions. Herein, it is relatively clear that Se
effects observed on Zn appear to be regulated independently of Nrf2. However, when only considering
WT mice, we could still draw conclusions towards the role of the Se status on TE status of Zn, Fe, and Cu.
Most strikingly, Zn plasma levels were higher in mice with low Se status and vice versa (Figure 5D).
In comparison to that, Cu and Fe were rather unaffected by Se. At the same time, hepatic Zn levels
were unaffected by the Se status, indicating that Zn appears to be taken up by other tissues besides
the liver when Se levels are rising. As MTF1 shows the complete opposite effect than plasma Zn levels
and also as most of the MTF1 target genes, it might be an attempt to compensate for the low Se status.
Any underlying mechanisms, however, are unclear so far.

5. Conclusions

Overall, only Fe was substantially regulated in response to Nrf2 while the impact of Nrf2 on
homeostasis of Se, Cu, and Zn appeared to be rather marginal. Nevertheless, crosstalk between
Se and MTF1 is a promising idea that needs to be followed up in the future and might provide
an explanation for the observed counter regulation of plasma Se and Zn levels.

The mammalian ionome has been evaluated in 26 species and across several tissues [64]. In this
study, Zn levels in the liver and kidney were positively correlated with maximum lifespan while
hepatic Se was negatively correlated with longevity, albeit in a relatively weak manner. The Nrf2
responsiveness is reduced during aging, which provides a putative explanation for changes in TE
profiles in the elderly and for TE effects on longevity. We have recently shown in a reinvited sub-cohort
of the EPIC Potsdam study that Cu and Fe serum levels increased over time, while Zn and Se levels
showed an age-dependent decline [39]. This is supposed to be associated with a reduction in Nrf2
activity for which, herein, Nrf2 KO mice were used as a model. Also, in Nrf2 KO mice, Se and Zn levels
were reduced; however, there was no upregulation but rather a slight downregulation of the systemic
Cu status (Table 4). Systemic Fe levels increased in Nrf2 KO mice but that was shown herein for
intracellular amounts and not for plasma biomarkers as done in the EPIC study. Thus, it needs to be
further clarified how age-dependent changes in the TE status are modulated on the molecular level.

Supplementary Materials: The following are available online at http://www.mdpi.com/2072-6643/11/9/2112/s1,
Figure S1: Ferritin and transferrin concentrations in the plasma and mRNA expression in the livers of male
and female Nrf2 KO and WT mice fed a standard chow diet. Figure S2: NQO1 mRNA (A) and activity (B)
in the duodenum of male Nrf2 KO and WT mice fed diets with defined Se content (–Se: 0.03 ppm; +Se: 0.15 ppm;
++Se: 0.6 ppm).
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Abstract: The common dry bean (Phaseolus vulgaris L.) is a globally produced pulse crop and an
important source of micronutrients for millions of people across Latin America and Africa. Many of
the preferred black and red seed types in these regions have seed coat polyphenols that inhibit the
absorption of iron. Yellow beans are distinct from other market classes because they accumulate the
antioxidant kaempferol 3-glucoside in their seed coats. Due to their fast cooking tendencies, yellow
beans are often marketed at premium prices in the same geographical regions where dietary iron
deficiency is a major health concern. Hence, this study compared the iron bioavailability of three faster
cooking yellow beans with contrasting seed coat colors from Africa (Manteca, Amarillo, and Njano)
to slower cooking white and red kidney commercial varieties. Iron status and iron bioavailability
was assessed by the capacity of a bean based diet to generate and maintain total body hemoglobin
iron (Hb-Fe) during a 6 week in vivo (Gallus gallus) feeding trial. Over the course of the experiment,
animals fed yellow bean diets had significantly (p ≤ 0.05) higher Hb-Fe than animals fed the white or
red kidney bean diet. This study shows that the Manteca yellow bean possess a rare combination of
biochemical traits that result in faster cooking times and improved iron bioavailability. The Manteca
yellow bean is worthy of germplasm enhancement to address iron deficiency in regions where beans
are consumed as a dietary staple.

Keywords: Phaseolus vulgaris L.; yellow bean; cooking time; iron; iron bioavailability; phytate;
polyphenols; kaempferol 3-glucoside; Caco-2 cell bioassay; Gallus gallus

1. Introduction

The common dry bean (Phaseolus vulgaris L.) is a globally produced pulse crop that serves as an
important source of protein and micronutrients for millions of people across Africa, the Caribbean,
Latin America, and Southern Europe [1]. Dry beans accumulate trace minerals, such as iron and zinc,
into their seed by using a complex network of ion transporters and chelating molecules that include
phytate, nicotianamine, and polyphenols [2]. Traditional breeding practices can be used to generate
bean seeds with very high iron concentrations [3]. This lead to the conception of using biofortified bean
varieties as a vehicle to alleviate trace mineral deficiencies in resource-limited regions of Latin America
and Sub-Saharan Africa, where beans are widely accepted as a dietary staple [4]. Many of the preferred
seed types in these regions are black and red beans, which contain polyphenolic compounds that
inhibit the absorption of iron in the upper intestine, potentially limiting their nutritional impact [5–8].
Polyphenols and other prebiotic molecules that survive enzymatic digestion in the small intestine,
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however, can stimulate the growth of beneficial microbiota in the lower intestine, improving the overall
health of the digestive system [9–14].

Iron uptake assays in Caco-2 cells indicate that not all polyphenols are inhibitors of iron
absorption [7]. Certain polyphenolic compounds, such as kaempferol and kaempferol 3-glucoside are
shown to promote iron uptake in vitro [5,7]. Kaempferol is a flavonoid expressed in the seed coats of
many bean seed types including black, carioca, cranberry, pinto, kidney, and small red [15,16]. While
the concentrations of kaempferol compounds vary between the different bean market classes, the
most dominant polyphenol measured in seed coats of yellow beans is kaempferol 3-glucoside [17,18].
Alleles in the color genes of yellow beans direct polyphenol pathways in the seed coat to create a vast
array of color combinations that range from bright neon yellow to orange and green [19,20].

Originating from the Peruano coast, yellow beans were cultivated very early in human history [21]
and over the centuries have diversified into many different market classes that are sold throughout
Central and South America, as well as Sub-Saharan Africa [22,23]. Yellow beans owe their long heritage
to smallholder farmers selecting for unique seed coat colors that would appeal to consumers at the
marketplace, and are often marketed at premium prices in Africa for their fast cooking tendencies [23,24].
Iron uptake studies measuring the formation of ferritin protein in Caco-2 cells recently showed that a
set of fast cooking yellow beans from Africa have more bioavailable iron than slower cooking yellow
and red mottled beans from Africa and the Caribbean [25]. Exploring the yellow bean’s unique market
classes to develop new fast cooking varieties that could potentially deliver more absorbable iron would
be a useful strategy; especially for regions where long cooking times often deter consumers purchasing
beans and where micronutrient deficiencies, such as iron deficiency anemia are highly prevalent [26,27].

The purpose of this research was to further evaluate the iron nutrition and iron bioavailability of
different yellow bean market classes by incorporating cooked beans into diets for a long-term in vivo
feeding trial. The objective of this study was to compare the nutritional properties, polyphenolic
profiles, and iron bioavailability of three yellow beans with contrasting seed coat colors from Africa
(Manteca, Amarillo, Njano) to slower cooking white and red kidney commercial varieties from North
America. Bean based diets were formulated with cooked beans as the major ingredient and included
the complementary food crops of potato, rice, and cabbage. Iron bioavailability was evaluated for each
of bean based diets with a Caco-2 bioassay and by the ability to maintain total body hemoglobin iron
(Hb-Fe) during a 6 week in vivo (Gallus gallus) feeding trial.

2. Materials and Methods

2.1. Plant Materials—African Yellow Beans and Commercial Kidney Bean Varieties

Three yellow and two kidney P. vulgaris genotypes with contrasting seed coat colors were selected
for this study. Ervilha is a fast cooking Manteca (pale-lemon) landrace collected from the Instituto de
Investigação Agronómica located in the Huambo province of Angola [25]. Uyole 98 is an Amarillo
(yellow-orange) variety release by the Tanzanian Breeding Program in 1999, renowned for its strong
agronomic performance, disease resistance, and consumer quality traits, such as fast cooking times
and excellent taste [28]. PI527538 is a Njano (yellow-green) landrace collected from Burundi. Selected
for generations among farmers throughout Sub-Saharan Africa, the Njano and Soya Njano market
classes are preferred seed types among consumers in East Africa [29]. Snowdon is a white kidney
bean released by Michigan State University AgBioResearch in 2012. Snowdon is an early maturing,
disease tolerant white bean with good canning qualities [30]. Red Hawk is a dark red kidney variety
jointly released by Michigan State University and USDA-ARS in 1998. Red Hawk is an early maturing,
disease-resistant red kidney bean with excellent canning and processing qualities [31]. Photographs
depicting the different seed coat colors of each bean are shown in Figure 1. A summary of the collection
sites, sources and cultivation status of each genotype is presented in Table 1.

32



Nutrients 2019, 11, 1768

 
Figure 1. Photographs depicting the five genotypes used to evaluate the iron bioavailability of the
African yellow bean. To compare differences in seed sizes, all photographs were taking to scale under
standardized lighting conditions.

Table 1. Description, Sources, Cultivation Status, and Cooking Times of the Five Genotypes Used to
Evaluate the Iron Bioavailability of Yellow Beans from Africa and Kidney Beans from North America. 1

Name Seed Type (Market Class) Source Cultivation Cooking Time (Min) 2

Ervilha Yellow (Manteca) IIA; Huambo, Angola Landrace 15.3 ± 0.22 e

Uyole 98 Yellow (Amarillo) Tanzania Breeding Variety 22.3 ± 0.37 d

PI527538 Yellow (Njano) Burundi; US GRIN Landrace 26.0 ± 0.63 c

Snowdon White Kidney Michigan State Unv. Variety 29.4 ± 0.37 b

Red Hawk Dark Red Kidney Michigan State Unv. Variety 36.8 ± 0.92 a

1 This panel consists of medium to large Andean beans ranging from 58 to 81 g/100 seed. IIA, Instituto de Investigação
Agronómica; US GRIN, U.S. Germplasm Resources Information Network. 2 Raw seed were soaked in distilled
water for 12 h prior to determining the number of minutes to reach 80% cooking time with an automated Mattson
pin-drop device. Values are means ± SEM of four field replicates, each measured in duplicate (n = 8). Means sharing
the same letter are not significantly different at p ≤ 0.05.

2.2. Field Design, Growing Conditions and Post Harvest Handling

Genotypes were planted side-by-side with 0.5 m spacing between rows at the Michigan State
University Montcalm Research Farm near Entrican, MI in 2017. The soil type at the Montcalm Research
Farm is Eutric Glossoboralfs (coarse-loamy, mixed) and Alfic Fragiorthods (coarse-loamy, mixed, frigid).
Rainfall was supplemented with overhead irrigation as needed. Weeds and pests were controlled
by hand or with herbicides if needed. Upon maturity, bean plants were pulled by hand and then
threshed with a Hege 140 plot harvester (Wintersteiger Inc., Salt Lake City, UT, USA). Immediately after
harvest, seeds were hand sorted to eliminate any immature, wrinkled, discolored, or damaged seeds.
To equilibrate moisture content, sorted seed was placed into dark storage under ambient conditions
(20–22 ◦C, 50–60% relative humidity) at standard atmospheric pressure and monitored for eight weeks
with a John Deere Grain Moisture Tester (Moisture Chek-Plus™; Deere & Company, Watseka, IL, USA)
until the moisture content reached 10–12% [32].

2.3. Cooking Time Determination

Growing conditions and post-harvest handling ensured the differences in cooking times between
the yellow and kidney beans were under genetic control and not influenced by the growing or
processing conditions of the seed after harvest [25]. Subsets of 50 seed from four randomly selected
field replicates for each genotype were evaluated for cooking time. Prior to cooking, bean seeds were
pre-soaked in distilled water (1:6 w/w) for 12 h at room temperature. Cooking time was measured
with a Mattson pin drop cooking device, which fits into a 4 L stainless steel beaker heated over an
electric portable burner containing 1.8 L of boiling distilled water. Cooking time was standardized as
the number of minutes required for twenty out of twenty-five piercing tip rods (70 g, 2 mm diameter)
to pass completely through each seed under a steady boil at 100 ◦C [33].
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2.4. Ingredient Preparation and Diet Composition

To prepare beans for diet formulation, 35 kg of raw seed were first rinsed and cleaned thoroughly
in distilled water to remove dust, debris, and non-edible material. Beans were pre-soaked in distilled
water (1:6 w/w) for 12 h at room temperature before cooking at the Food Processing and Development
Laboratory (FPDL) located at Cornell University, Ithaca, New York. Beans were cooked according
to their predetermined cooking times in boiling distilled water using large (20 gallon) stainless steel
steam kettles at the processing facility. Drained beans were spread evenly in stainless steel trays and
allowed to cool for thirty minutes at room temperature. Cooked beans were then stored in a −20 ◦C
cold room for 24 h prior to freeze-drying (VirTis Research Equipment, Gardiner, NY, USA). Basmati
rice was purchased from Wegmans™ food store located in Ithaca, NY, USA. Large quantities of rice
(25 kg) were cooked with distilled water at the FPDL in stainless steel steam kettles. Cooked rice was
cooled to room temperature on stainless steel trays and stored at −20 ◦C for 24 h before freeze-drying.
Cooked/air-dried potatoes and white cabbage were purchased from North Bay Trading Co. (Brule,
WI, USA). Dried ingredients were milled into a course powder using a Waring Commercial® CB15
stainless steel blender (Torrington, CT, USA). Chick Vitamin Mixture 330,002 and Salt Mix for Chick
Diet 230,000 (without iron) was purchased from Dyets Inc. (Bethlehem, PA, USA). DL-Methionine
and choline chloride were purchased from Sigma–Aldrich (St. Louis, MO, USA). Ingredients were
mixed with corn oil (0.5 L/kg) and stored at 4 ◦C during the duration of the feeding trial. The final
composition of each bean based diet is presented in Table 2.

Table 2. Ingredient Formulation, Iron Concentrations and Phytate Analysis of Bean Based Diets.

Ingredient 1 Iron Diet Formulation (g/kg)

(μg/g) 2 Ervilha Uyole 98 PI527538 Snowdon Red Hawk

Ervilha (Manteca) 83.0 ± 0.78 a 420 − − − −
Uyole 98 (Amarillo) 79.1 ± 0.75 b − 420 − − −

PI527538 (Njano) 84.8 ± 0.70 a − − 420 − −
Snowdon (white kidney) 75.3 ± 0.50 b − − − 420 −
Red Hawk (red kidney) 81.9 ± 0.76 a − − − − 420

Potato (white) 14.6 ± 0.27 d 330 330 330 330 330
Rice (white/polished) 6.55 ± 0.54 e 90 90 90 90 90

Cabbage (white) 19.8 ± 0.74 c 90 90 90 90 90
Vitamin/mineral premix 3 0.00 ± 0.0 f 70 70 70 70 70

DL-Methionine 0.00 ± 0.0 f 2.5 2.5 2.5 2.5 2.5
Choline Chloride 0.00 ± 0.0 f 0.75 0.75 0.75 0.75 0.75

Total Composition (g) 1000 1000 1000 1000 1000

Dietary Analysis 4

Iron concentration (μg/g) 53.7 ± 1.5 a 46.5 ± 0.36 b 54.5 ± 0.91 a 47.4 ± 0.37 b 52.4 ± 1.1 a

Phytate concentration (mg/g) 7.55 ± 0.22 a 7.30 ± 0.01 a 6.91 ± 0.12 b 7.19 ± 0.11 a,b 7.16 ± 0.08 a,b

Phytate-iron molar ratio 12.1 ± 0.69 b,c 13.9 ± 0.16 a 11.3 ± 0.49 c 12.9 ± 0.92 a,b 12.6 ± 0.86 b,c

1 Food ingredients were cooked, drained, and lyophilized prior to milling into a course powder for chemical analysis.
2 Values are means ± SEM of five replicates for each ingredient. Means sharing the same letter are not significantly
different at (p ≤ 0.05). 3 Vitamin and mineral premix: #330,002 Chick vitamin mixture; #230,000 Salt mix (no iron) for
chick diet (Dyets Inc., Bethlehem, PA, USA). 4 Values are means ± SEM of five replicates for each of the bean-based
diets. Means sharing the same letter in each row are not significantly different at p ≤ 0.05.

2.5. Iron Analysis

For iron analysis, either a 500 mg sample of each ingredient, a 500 mg sample of each bean based
diet or a 100 mg sample of liver tissue (wet weight) were pre-digested in boro–silicate glass tubes with
3 mL of a concentrated ultra-pure nitric acid and perchloric acid mixture (60:40 v/v) for 16 h at room
temperature. Samples were then placed in a digestion block (Martin Machine, Ivesdale, IL, USA) and
heated incrementally over 4 h to a temperature of 120 ◦C with refluxing. After incubating at 120 ◦C for
2 h, 2 mL of concentrated ultra-pure nitric acid was subsequently added to each sample before raising
the digestion block temperature to 145 ◦C for an additional 2 h. The temperature of the digestion block
was then raised to 190 ◦C and maintained for at least ten minutes before samples were allowed to
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cool at room temperature. Digested samples were re-suspended in 20 mL of ultrapure water prior to
analysis using ICP-AES (inductively coupled plasma-atomic emission spectroscopy; Thermo iCAP
6500 Series, Thermo Scientific, Cambridge, UK) with quality control standards (High Purity Standards,
Charleston, SC, USA) following every 10 samples. Yttrium purchased from High Purity Standards
(10M67-1) was used as an internal standard. All samples were digested and measured with 0.5 μg/mL
of Yttrium (final concentration) to ensure batch-to-batch accuracy and to correct for matrix inference
during digestion.

2.6. Phytate Analysis

For phytate (phytic acid) determination, a 500 mg sample from each ingredient and a 500 mg
sample from each of the bean based diets were first extracted in 10 mL of 0.66 M hydrochloric acid
under constant motion for 16 h at room temperature. A 1 mL aliquot of total extract was collected
using a wide bore pipet tip, and then centrifuged (16,000 g) for 10 min to pellet debris. A 0.5 mL sample
of supernatant was then neutralized with 0.5 mL 0.75 M sodium hydroxide and stored at −20 ◦C until
the day of analysis. A phytate/total phosphorous kit (K-PHYT; Megazyme International, Bray, Ireland)
was used to measure liberated phosphorous by phytase and alkaline phosphatase. Phosphorous
was quantified by colorimetric analysis as molybdenum blue with phosphorous standards read at a
wavelength of 655 nm against the absorbance of a reagent blank. Total phytate concentrations were
calculated with Mega-Calc™ by subtracting free phosphate concentrations in the extracts from the
total amount of phosphorous that is exclusively released after enzymatic digestion.

2.7. Protein and Fiber Analysis

Total nitrogen concentrations were measured in a 500 mg sample of cooked beans by the Dumas
combustion method at A&L Great Lakes Laboratories (Fort Wayne, IN, USA) in accordance with AOAC
method 968.06 [34]. The percentage of crude protein was estimated by multiplying the dry weight
total nitrogen concentration by a factor of 6.25 [35]. Insoluble, soluble and total fiber concentrations
were determined by the enzymatic-gravimetric AOAC method 985.29 [36], using enzymatic hydrolysis
with heat-resistant amylase, protease, and amyloglucosidase (Total Dietary Fiber Assay Kit, Sigma
Aldrich Co., St. Louis, MO, USA).

2.8. Polyphenolic Extraction

For polyphenol extraction, 5 mL of methanol:water (50:50 v/v) was added to either 500 mg of
cooked beans or to 500 mg of bean based diet, and vortexed for one minute before incubating in a
sonication water bath for 20 min at room temperature. Samples were again vortexed and placed on a
compact digital Rocker (Labnet International, Inc., Edison, NJ, USA) at room temperature for 60 min
before centrifuging at 4000 g for 15 min. Supernatants were filtered with a 0.2 μm Teflon™ syringe
filter and stored at −20 ◦C until chemical analysis.

Liquid Chromatography—Mass Spectrometry (LC–MS) Analysis of Polyphenols

Extracts and standards were analyzed by an Agilent 1220 Infinity Liquid Chromatograph (LC;
Agilent Technologies, Inc., Santa Clara, CA, USA) coupled to an Advion expressionL® compact mass
spectrometer (CMS; Advion Inc., Ithaca, NY, USA). Two-μL samples were injected and passed through
an Acquity™ UPLC BEH Shield RP18 1.7 μm 2.1 × 100 mm column (Waters, Milford, MA, USA)
at 0.35 mL/min. The column was temperature-controlled at 45 ◦C. The mobile phase consisted of
ultra-pure water with 0.10% formic acid (solvent A) and acetonitrile with 0.10% formic acid (solvent
B). Polyphenols were eluted using linear gradients of 86.7 to 77.0% A in 0.50 min, 77.0 to 46.0% A
in 5.50 min, 46.0 to 0% A in 0.50 min, held at 0% A for 3.50 min, 0 to 86.7% A in 0.50 min, and held
at 86.7% A for 3.50 min, for a total run time of 14 min. From the column, flow was directed into a
variable wavelength UV detector set at 278 nm. Flow was then directed into the source of an Advion
expressionL® CMS, and electro spray ionization (ESI) mass spectrometry was performed in negative
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ionization mode using selected ion monitoring with a scan time of 50 milliseconds for the 18 polyphenol
masses of interest. Capillary temperature and voltages were 300 ◦C and 100 volts, respectively. ESI
source voltage and gas temperature were 2.6 kilovolts and 240 ◦C respectively. Desolvation gas flow
was 240 L/h. Advion Mass Express™ software was used to control the LC and CMS instrumentation
and data acquisition. Individual polyphenols were identified and confirmed by comparison of m/z and
LC retention times with authentic standards. Polyphenol standard curves for flavonoids were derived
from integrated areas under UV absorption peaks from 8 replications. Standard curves for catechin
and 3.4-dihydroxybenzoic acid were constructed from MS ion intensities using 8 replications.

2.9. In Vitro Iron Bioavailability Assessment (Caco-2 Cell Bioassay)

An established in vitro digestion/Caco-2 cell culture model was initially used to assess the iron
bioavailability of cooked beans and bean based diets [37–39]. A 500 mg sample of lyophilized powder
from either whole cooked beans or bean based diets were subjected to a simulated gastric and intestinal
digestion as described previously [37,39]. The bioassay was performed according to the detailed
methods described in Glahn et al., 1998 [37]. The bioassay works according to the following principle.
In response to increases in cellular iron concentrations, Caco-2 cells produce more ferritin protein.
Therefore, iron bioavailability was determined as the increase in Caco-2 cell ferritin production
expressed as a ratio to total protein (ng ferritin per mg of total cell protein) after exposure to a digested
sample [37–39]. Ferritin was measured by enzyme linked immunoassay (Human Ferritin ELISA kit
S-22, Ramco Laboratories Inc., Stafford, TX, USA) and total cell protein concentrations were quantified
using the Bio-Rad DC™ protein assay kit (Bio-Rad Laboratories Inc., Hercules, CA, USA).

To confirm the responsiveness of the bioassay, each experiment was run with several quality
controls. These include a blank-digest, which is only the physiologically balanced saline and the
gastrointestinal enzymes. The blank-digest was used to ensure there was no iron contamination in
the bioassay. Ferritin values of Caco-2 cells were exposed to the blank-digest averaged 2.5 ± 0.08 ng
ferritin/mg cell protein (mean± Standard Deviation; SD) over the course of two cell culture experiments.
The responsiveness of the bioassay was monitored by: (1) a blank-digest with FeCl3 (66 μM) and (2) a
blank-digest of FeCl3 (66 μM) plus the addition of 1.3 mM ascorbic acid (Sigma Aldrich Co., St. Louis,
MO, USA). Ferritin values for the FeCl3 digest and the FeCl3 digest with ascorbic acid averaged 68 ± 5.3
and 234 ± 17 ng/mg cell protein (mean ± SD), respectively. The quality controls could be utilized
as a reference standard because they do not contain the same food matrix properties as the cooked
beans. Therefore, a cooked/lyophilized/milled navy bean control (commercial variety Merlin) was run
with each assay as a reference standard to index the ferritin/total cell protein ratios of the Caco-2 cells
over the course of several cell culture experiments. Ferritin values for the Merlin navy bean control
averaged 8.07 ± 0.63 ng/mg cell protein (mean ± SD).

2.10. Animals and Feeding Trial Design

Cornish-cross fertile broiler eggs were obtained from a commercial hatchery (Moyer’s Chicks,
Quakertown, PA, USA). The eggs were incubated under optimal conditions at the Cornell University
Animal Science poultry farm incubator. On the day of hatching (hatchability = 95%) chicks were
randomly allocated into five treatment groups (n = 13) shown in Table 2 and given ad libitum access to
food and water (iron concentration <0.4 μg/L). Chicks were housed in a total confinement building
(3–4 animals per 1 m2 metal cage) under controlled temperatures and humidity with 16 h of light.
Each cage was equipped with an automatic watering dish and a manual self-feeder. Feed intakes
were measured daily starting from the day of hatching and body weights were recorded each week.
All animal protocols were approved by the Cornell University Institutional Animal Care and Use
Committee (protocol# 2007-0129).
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2.11. Blood Collection, Hemoglobin and Index of Iron Absorption Calculations

Blood samples were collected from the wing vein of each animal with heparinized capillary
tubes and stored on ice in BD Vacutainer® vials (lithium heparin; 95 USP Units). For Hemoglobin
(Hb) determination, whole blood samples were diluted 100-fold in distilled water and measured
colorimetrically with BioAssay Systems Quantichrom™ hemoglobin assay (DIHB-250) following the
manufacturer’s instructions (BioAssay Systems, Hayward, CA, USA). Total body hemoglobin iron
(Hb-Fe) is an index of iron absorption, and is calculated from hemoglobin concentrations and total
blood volume based on body weight (85 mL per kg of body weight) [6,40–42]:

Hb-Fe (mg) = Body Weight (kg) × 0.085 L/kg × Hb (g/L) × 3.35 mg Fe/g Hb. (1)

Hemoglobin maintenance efficiency (HME) is calculated as the cumulative difference in total body
hemoglobin iron from the start of the experiment, divided by total dietary iron intake. Dietary iron
intakes were determined by multiplying the cumulative amount of diet consumed over the course of
the experiment with the iron concentrations measured for each diet shown in Table 2 [6,40–42]:

HME =
Hb Fe (final) mg−Hb Fe (initial) mg

Total Fe Intake (mg)
× [100%]. (2)

At the end of the experiment (42 days), animals were euthanized by CO2 exposure and their
blood, small intestine, cecum, and liver were quickly collected. Tissue was immediately frozen in
liquid nitrogen and stored at −80 ◦C until further analysis.

2.12. Liver Iron and Ferritin

The quantification of liver Fe (ICP-AES) and liver ferritin were conducted as previously
described [40,43,44]. Polyacrylamide gels were scanned with a Bio-Rad® densitometer and the
measurement of band intensity conducted with Quantity-One 1-D analysis program (Bio-Rad
Laboratories Inc., Hercules, CA, USA). Local background was subtracted from each sample and
horse spleen ferritin (Sigma Aldrich Co., St. Louis, MO, USA) was used as a standard for identifying
and calibrating ferritin protein.

2.13. Isolation of Total RNA from Duodenum

Total RNA was extracted using Qiagen RNeasy Mini Kit (RNeasy Mini Kit, Qiagen Inc., Valencia,
CA, USA) according to the manufacturer’s protocol. Proximal duodenal tissue (30 mg) was disrupted
and homogenized with a rotor-stator homogenizer in buffer RLT®, containing β-mercaptoethanol. The
tissue lysate was centrifuged for 3 min at 8000 g in a microcentrifuge. An aliquot of the supernatant
was transferred to another tube, combined with 1 volume of 70% ethanol and mixed immediately. Each
sample (700 μL) was applied to an RNeasy mini column, centrifuged for 15 s at 8000 g, and the flow
through material was discarded. The RNeasy columns were transferred to new 2 mL collection tubes,
and 500 μL of buffer RPE® was pipetted onto the RNeasy column followed by centrifugation for 15 s
at 8000 g. An additional 500 μL of buffer RPE were pipetted onto the RNeasy column and centrifuged
for 2 min at 8000 g. Total RNA was eluted in 50 μL of RNase free water. All steps were carried out
under RNase free conditions. RNA was quantified by absorbance at A 260/280. Integrity of the 28S and
18S ribosomal RNAs was verified by 1.5% agarose gel electrophoresis followed by ethidium bromide
staining. DNA contamination was removed using TURBO DNase treatment and removal kit from
AMBION (Austin, TX, USA).

2.14. Real Time Polymerase Chain Reaction (RT-PCR)

To create the cDNA, a 20 μL reverse transcriptase (RT) reaction was completed in a BioRad C1000
touch thermocycler using the Improm-II Reverse Transcriptase Kit (Catalog #A1250; Promega Corp.,
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Madison, WI, USA). The first step consisted of 1 μg of total RNA template, 10 μM of random hexamer
primers, and 2 mM of oligo-dT primers. The RT protocol was used to anneal primers to RNA at 94 ◦C
for 5 min. The first strand was copied for 60 min at 42 ◦C (optimum temperature for the enzyme),
followed by exposure to 70 ◦C (15 min) for enzymatic inactivation, samples were then held at 4 ◦C
until quantification by a Nanodrop™ ND-1000 (Thermo Fisher Scientific, Wilmington, DE, USA). The
concentration of cDNA obtained was determined by measuring the absorbance at 260 nm and 280 nm
using an extinction coefficient of 33 (for single stranded DNA). Genomic DNA contamination was
assessed by a real-time RT-PCR assay for the reference gene samples.

2.15. Primer Design for Divalent Metal Transporter 1, Duodenal Cytochrome B, and Ferroportin Gene
Expression Analysis

The primers used in the real-time PCR to measure the duodenum gene expression of the iron
import proteins divalent metal transporter 1 (DMT-1) and duodenal cytochrome B (DcytB), as well as
the iron export protein ferroportin were designed according gene sequences obtained from the National
Center for Biotechnology Information (NCBI) Genbank® database, using Real-Time Primer Design
Tool software (IDT DNA, Coralvilla, IA, USA). The sequences and the description of the forward and
reverse primers used for PCR reactions in this study are summarized in Table S1. The amplicon length
was limited to 90 to 150 base pairs. The length of the primers was 17–25 bp, and the GC content was
between 41% and 55%. The Gallus gallus primer 18S Ribosomal subunit 18S rRNA was designed as a
reference gene (Table S1).

2.16. Real-Time qPCR Design

Isolated cDNA was used for each 10 μL reaction together with 2× BioRad® SSO Advanced
Universal SYBR Green Supermix (Cat. #1725274, Hercules, CA, USA) which included buffer, Taq DNA
polymerase, dNTPs and SYBR green dye. Specific primers (Table S1) and cDNA or water (for no
template control) were added to each PCR reaction. For each gene, the optimal MgCl2 concentration
produced the amplification plot with the lowest cycle product (Cq), the highest fluorescence intensity
and the steepest amplification slope. Master mix (8 μL) was pipetted into the 96-well plate and 2 μL
cDNA was added as PCR template. Each run contained seven standard curve points in duplicate.
A no template control of nuclease-free water was included to exclude DNA contamination in the PCR
mix. The double stranded DNA was amplified in the Bio-Rad® CFX96 Touch (Hercules, CA, USA)
using the following PCR conditions: initial denaturing at 95 ◦C for 30 s, 40 cycles of denaturing at
95 ◦C for 15 s, various annealing temperatures according to Integrated DNA Technologies (IDT) for
30 s and elongating at 60 ◦C for 30 s. The data on the expression levels of the genes were obtained
as Cq values based on the “second derivative maximum” (=automated method) as computed by the
software. For each of the four genes, the reactions were run in duplicate. All assays were quantified by
including a standard curve in the real-time qPCR analysis. The next four points of the standard curve
were prepared by a 1:10 dilution. Each point of the standard curve was included in duplicate. A graph
of Cq vs. log (10) concentrations was produced by the software and the efficiencies were calculated
as 10 [1/slope]. The specificity of the amplified real-time RT-PCR products was verified by melting
curve analysis (60–95 ◦C) after 40 cycles, resulting in a number of different specific products, each
with a specific melting temperature. Real-time RT-PCR efficiency (E) values for the four genes were as
follows: DMT-1, 0.988; DcytB, 1.046; Ferroportin, 1.109; 18S rRNA, 0.934.

2.17. Collection of Microbial Samples and DNA Isolation of Intestinal Contents

The cecum was aseptically (500 mg) removed and placed into a sterile 50 mL tube containing 9 mL
of sterile PBS and homogenized by vortexing with glass beads (3 mm diameter) for 3 min. Debris was
removed by centrifugation at 700 g for 1 min, and the supernatant was collected and centrifuged at
12,000 g for 5 min. The pellet was washed twice with 1 × Phosphate Buffered Saline (BP399-1; Fisher
Scientific, Inc., Hampton, NH, USA) and stored at −20 ◦C until DNA extraction. For DNA purification,
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the pellet was re-suspended in 50 mM Ethylenediaminetetraacetic acid (EDTA) and treated with
lysozyme (Sigma Aldrich Co., St. Louis, MO, USA; final concentration of 10 mg/mL for 45 min at 37 ◦C.
The bacterial genomic DNA was isolated using a Wizard® Genomic DNA purification kit (Promega
Corp., Madison, WI, USA).

2.18. Primers Design and PCR Amplification of Bacterial 16S rRNA

Primers for Bifidobacterium, Lactobacillus, E. coli and Clostridium were designed according to
previously published data [45]. To evaluate the relative proportion of each bacterium, all targeted
primers were normalized to the reference gene of the universal primer product 16S rRNA. PCR products
were separated by electrophoresis on 2% agarose gel, stained with ethidium bromide, and quantified
using the Quantity One 1-D analysis software (Bio-Rad, Hercules, CA, USA).

2.19. Statistical Analysis

All statistical analyses were conducted using IBM SPSS Statistics 25 (IBM Analytics, Armonk, NY,
USA). The normality of residuals for each parameter was evaluated using the Kolmogorov-Smirnov test.
Equality of variance for each parameter was determined using the Bartlett’s test. Measured parameters
were found to have a normal distribution and equal variance, and were, therefore, acceptable for
ANOVA without additional data transformation steps. Mean separations for measured parameters
were determined using ANOVA with the model including dietary treatment (5 levels) as fixed effects;
followed by a Duncan post hoc test. Differences with p values of ≤ 0.05 were considered statistically
significant. Graphs were prepared using GraphPad Prism7 (GraphPad Software, La Jolla, CA, USA).

3. Results

3.1. Cooking Times and Seed Iron-Phytate Concentrations

Table 1 shows the cooking times of the yellow and kidney beans prior to diet formulation.
Significant (p ≤ 0.05) differences in cooking times were measured among the pre-soaked beans, ranging
from 15 min for Ervilha to 37 min for Red Hawk (Table 1). Significantly (p ≤ 0.05) faster cooking times
were measured in the yellow beans when compared to the white and dark red kidney bean varieties
(Table 1). Iron concentrations of each ingredient after cooking, lyophilizing, and milling are show in
Table 2. Differences in seed iron concentrations between the cooked beans were significant (p ≤ 0.05),
ranging from 75 μg/g in Snowdon to 85 μg/g in PI527538 (Table 2). Phytate concentrations and phytate
molar ratios of each ingredient used to formulate the bean based diets are shown in Table S2. Significant
(p ≤ 0.05) differences in phytate concentrations were measured between the cooked yellow and kidney
beans, ranging from 12.8 mg/g in Red Hawk to 13.7 mg/g in Ervilha (Table S2). Phytate to iron molar
ratios also varied significantly (p ≤ 0.05), ranging from a ratio of 13.4 in Red Hawk and PI527538 to a
ratio of 15.3 in Snowdon (Table S2).

3.2. Protein and Fiber Concentrations of Cooked Beans

Table 3 shows the total crude protein concentrations of yellow and kidney beans after cooking.
Significant differences (p ≤ 0.05) in protein concentrations were measured between the cooked beans,
ranging from 21 g/100 g in Snowdon to 26 g/100 g in PI527538 (Table 3). The concentrations of insoluble,
soluble, and total fiber for each of the cooked beans are also shown in Table 3. Significant differences
(p ≤ 0.05) in each of the fiber fractions were measured among the yellow and kidney beans. The lowest
concentrations of the insoluble and total fiber were detected in the fastest cooking yellow bean Ervilha
(Table 3). Significantly (p ≤ 0.05) higher concentrations of all three fiber fractions were in measured
in each of the kidney beans, when compared to the yellow beans Ervilha and PI527538 after cooking
(Table 3).
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Table 3. Protein and Fiber Concentrations (g/100 g) of Cooked Beans Used to Formulate Bean Based
Diets. 1

Cooked Bean Total Protein Insoluble Fiber Soluble Fiber Total Fiber

Ervilha (Manteca) 25.02 ± 0.02 b 17.42 ± 1.20 c 1.99 ± 0.28 b 19.41 ± 1.48 c

Uyole 98 (Amarillo) 22.30 ± 0.10 c 19.95 ± 0.32 ab 2.52 ± 0.36 ab 22.47 ± 0.04 ab

PI527538 (Njano) 26.05 ± 0.12 a 18.75 ± 0.44 bc 2.09 ± 0.21 b 20.83 ± 0.22 bc

Snowdon (white kidney) 21.07 ± 0.14 d 20.71 ± 0.49 a 2.66 ± 0.01 a 23.37 ± 0.50 a

Red Hawk (red kidney) 22.83 ± 0.13 c 21.32 ± 0.64 a 2.92 ± 0.45 a 24.24 ± 0.19 a

1 Values are means ± SEM (n = 3 replicates). Means sharing the same letter in each column are not significantly
different at p ≤ 0.05.

3.3. Iron-Phytate Analysis of Bean Based Diets

The final composition including the iron concentrations, phytate concentrations, and phytate-iron
molar ratios for each of the five bean based diets are shown in Table 2. Iron concentrations between
the bean based diets were significantly different (p ≤ 0.05). Diets formulated from Ervilha, PI527538
and Red Hawk had higher iron concentrations (52–55 μg/g) than diets formulated from Uyole 98 and
Snowdon (47 μg/g). Final phytate concentrations also varied between the five diets ranging from
6.91 mg/g in PI527538 to 7.55 mg/g in Ervilha (Table 2). Significant (p ≤ 0.05) differences in phytate-iron
molar ratios were calculated between the bean based diets, ranging from 11.3 mg/g in PI527538 to
13.9 mg/g in Uyole 98 (Table 2).

3.4. Polyphenolic Profile of Beans and Bean Based Diets

The polyphenol concentrations of the yellow and kidney beans after cooking are shown in Table 4.
Eleven polyphenols that were previously shown to impact iron bioavailability [5,7] were detected in
cooked beans, which included flavonols, phenolic acids, catechins, and procyanidins (precursors to
condensed tannins). High concentrations of kaempferol 3-glucoside were measured in each of the
yellow beans ranging from 356 nmol/g in Ervilha to 749 nmol/g in Uyole 98. In contrast to the yellow
beans, the kidney beans had little to no kaempferol 3-glucoside after cooking (Table 4). The polyphenol
profiles of the two fastest cooking yellow beans Ervilha and Uyole 98 were limited to kaempferol,
kaempferol 3-glucoside and kaempferol 3-sumbuioside, while the slower cooking yellow bean PI527538
had significantly (p < 0.05) higher concentrations of quercetin 3-glucoside, catechins, and procyanidin
B1–B2 (Table 4). Red Hawk had the most diverse set of polyphenols after cooking, including higher
concentrations of quercetin 3-glucoside, protocatechuic acid, catechin, and procyanidin B1 (Table 4).

Table 4. Polyphenol Concentrations (nmol/g) of Cooked Beans. 1

Polyphenol
Ervilha Uyole 98 PI527538 Snowdon Red Hawk

(Manteca) (Amarillo) (Njano) (white kidney) (red kidney)

Kaempferol 74.0 ± 2.3 a 42.4 ± 5.8 b 40.7 ± 1.5 b - 1.9 ± 0.3 c

Kaempferol 3-glucoside 356 ± 25 c 749 ± 48 a 671 ± 19 b 0.9 ± 0.1 e 4.7 ± 0.3 d

Kaempferol 3-sambuioside 86.4 ± 7.8 a 40.8 ± 2.5 b 4.4 ± 0.2 c - 3.7 ± 0.1 d

Quercetin 2.3 ± 0.1 c - 3.8 ± 0.2 b - 6.2 ± 0.4 a

Quercetin 3-glucoside 16.2 ± 0.9 c 4.5 ± 0.5 d 57.9 ± 1.3 a - 23.4 ± 0.8 b

Quercetin 3-rutinoside - - - - 3.1 ± 0.2
Protocatechuic acid 4.2 ± 0.5 c 6.9 ± 0.5 b 6.8 ± 0.7 b - 30.6 ± 1.6 a

Catechin - 2.7 ± 0.2 b 44.4 ± 2.0 a - 40.0 ± 1.7 a

Epicatechin - 0.4 ± 0.1 c 8.5 ± 0.8 a - 5.3 ± 0.3 b

Procyanidin B1 - 3.9 ± 0.3 c 17.4 ± 0.7 a - 13.7 ± 0.8 b

Procyanidin B2 - - 1.4 ± 0.1 a - 0.8 ± 0.2 b

1 Values are means ± SEM (n = 8 replicates). Means sharing the same letter in each row are not significantly different
at p ≤ 0.05.
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The polyphenol concentrations measured in each of the bean based diets are shown in Table 5. The
polyphenol profile of each diet reflects the profiles of the cooked beans, with kaempferol 3-glucoside
still being the most dominate polyphenol measured in each of the yellow bean diets. When compared to
Ervilha and Uyole 98, significantly (p < 0.05) higher concentrations of quercetin 3-glucoside, catechins
and procyanidins were detected in PI527538 and Red Hawk bean based diets (Table 5).

Table 5. Polyphenol Concentrations (nmol/g) Measured in Bean Based Diets.1.

Polyphenol
Ervilha Uyole 98 PI527538 Snowdon Red Hawk

(Manteca) (Amarillo) (Njano) (white kidney) (red kidney)

Kaempferol 7.4 ± 0.3 a 5.6 ± 0.2 b 5.4 ± 0.2 b - -
Kaempferol 3-glucoside 153 ± 5.1 c 327 ± 18 a 234 ± 5.9 b 0.6 ± 0.1 e 1.9 ± 0.1 d

Kaempferol 3-sambuioside 37.4 ± 1.6 a 17.6 ± 0.3 b 1.7 ± 0.1 c - 1.5 ± 0.1 c

Quercetin - - - - -
Quercetin 3-glucoside 6.6 ± 0.3 c 1.8 ± 0.1 d 21.4 ± 0.7 a - 8.2 ± 0.5 b

Quercetin 3-rutinoside - - - - 3.0 ± 0.2
Protocatechuic acid 2.4 ± 0.4 c 4.5 ± 0.6 b 4.4 ± 0.4 b - 16.8 ± 1.3 a

Catechin - 0.8 ± 0.1 b 10.5 ± 0.4 a - 10.8 ± 0.8 a

Epicatechin - 0.1 ± 0.0 b 1.7 ± 0.2 a - 1.3 ± 0.2 a

Procyanidin B1 - 0.7 ± 0.1 b 2.9 ± 0.3 a - 2.5 ± 0.2 a

Procyanidin B2 - - 0.2 ± 0.0 a - 0.2 ± 0.0 a

1 Values are means ± SEM (n = 8 replicates). Means sharing the same letter in each row are not significantly different
at p ≤ 0.05.

3.5. In Vitro Iron Bioavailability (Caco-2 Cell Ferritin Formation)

The results in Table 6 show significant (p ≤ 0.05) differences in iron bioavailability between the
cooked beans and their corresponding diets using the Caco-2 cell bioassay. The bioassay measures
ferritin protein formation in cells following exposure to a digested sample that was prepared from either
cooked beans or bean based diets on an equal weight basis. Among the cooked beans, significantly
(p ≤ 0.05) higher iron bioavailability was measured in Ervilha and Snowdon when compared to the
Uyole 98, PI527538, and Red Hawk (Table 6). Significantly (p ≤ 0.05) higher iron bioavailability was
also measured in the Ervilha bean based diet when compared to the other four diets (Table 6).

Table 6. Iron Bioavailability of Cooked Beans and Bean Based Diets Using an in vitro Digestion/Caco-2
Cell Bioassay. 1

Caco-2 Cell Ferritin Formation

Cooked Bean (ng Ferritin/mg Protein)

Ervilha (Manteca) 9.54 ± 0.59 a

Uyole 98 (Amarillo) 5.97 ± 0.52 b,c

PI527538 (Njano) 5.01 ± 0.15 c

Snowdon (white kidney) 8.20 ± 0.50 a

Red Hawk (red kidney) 6.92 ± 0.95 b

Bean Based Diet

Ervilha (Manteca) 15.5 ± 1.4 A

Uyole 98 (Amarillo) 9.46 ± 0.19 C

PI527538 (Njano) 7.98 ± 0.80 D

Snowdon (white kidney) 12.2 ± 0.41 B

Red Hawk (red kidney) 7.57 ± 0.67 D

1 In vitro iron bioavailability expressed as Caco-2 cell ferritin concentrations (ng ferritin/mg total cell protein) after a
24 h exposure to an in vitro digestion of either lyophilized cooked beans or bean based diets. Values are means ±
SEM of six replicates for each sample. Means sharing the same letter in each group are not significantly different at
p ≤ 0.05.
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3.6. In Vivo Iron Bioavailability (Gallus gallus Feeding Trial)

3.6.1. Feed and Iron Intakes

By day 14 of the study, significantly (p ≤ 0.05) higher feed intakes were measured in the groups
receiving the yellow bean diets versus the groups receiving the white and dark red kidney diets
(Figure 2A). By day 21, the group receiving the Red Hawk diet had significantly (p ≤ 0.05) lower feed
intakes compared to the other four treatment groups (Figure 2A). Iron intake mirrored the cumulative
feed intakes over the course of the experiment. Significant (p ≤ 0.05) differences in iron intakes between
the five treatment groups could be detected as early as day 7 (Figure 2B). By the end of the study,
cumulative iron intakes ranged from 117 mg in the groups receiving the Ervilha and PI527538 yellow
bean diets to 64 mg in the group receiving the Red Hawk diet (Figure 2B). Although cumulative feed
intakes were not different between the groups receiving the yellow bean diets (Figure 2A), lower iron
concentrations in the Uyole 98 diet (47 μg/g) resulted in a significantly (p ≤ 0.05) lower iron intake by
day 35 of the study-when compared to the groups receiving the Ervilha and PI527538 diets, which had
higher iron concentrations (54–55 μg/g; Figure 2B). The specified values for cumulative feed and iron
intake are listed with mean separations in Tables S3 and S4.

3.6.2. Growth Rates and Total Body Hemoglobin Iron

Increases in body weights were consistently higher (p ≤ 0.05) among the three groups receiving
the yellow bean diets when compared the groups receiving the white and red kidney bean diets
(Figure 2C). By the end of the experiment, the group receiving the Uyole 98 diet had significantly (p ≤
0.05) lower body weight versus the two groups receiving the Ervilha and PI527538 diets (Figure 2C).
Throughout the experiment, the lowest body weights were measured in the group receiving the Red
Hawk diet (Figure 2C). Total body hemoglobin iron (Hb-Fe) varied significantly (p ≤ 0.05) between the
treatment groups throughout the 6 week feeding trial (Figure 2D). By day 21 of the experiment, the
group receiving the Ervilha diet had significantly (p ≤ 0.05) higher Hb-Fe values when compared to
the other four dietary treatments (Figure 2D). Starting at day 7 of the experiment, the lowest Hb-Fe
values were measured in the group receiving the Red Hawk diet (Figure 2D). Specified values for body
weight and total body hemoglobin iron are listed with mean separations in Tables S5 and S6.

3.6.3. Hemoglobin and Hemoglobin Maintenance Efficiency (HME)

By day 7 of the experiment, the concentrations of hemoglobin (Hb) varied significantly (p ≤ 0.05)
between the five groups receiving the bean based diets (Figure 2E). From days 14–28 of the experiment,
a significant (p ≤ 0.05) drop in Hb was measured in the group receiving the Red Hawk diet. The
concentrations of Hb in the Red Hawk group recovered by day 35 of the experiment, with no significant
differences detected between the other four dietary treatments (Figure 2E). At the end of the experiment,
the group receiving the Uyole 98 diet had significantly (p ≤ 0.05) higher Hb concentrations than the
group receiving the PI527538 diet (Figure 2E). Significant (p ≤ 0.05) differences in HME were measured
between the five treatment groups starting at day 7 of the experiment (Figure 2F). The group receiving
the Ervilha diet had the highest HME percentages throughout the experiment ranging from 25%–33%.
The lowest HME percentages (9%–15%) were detected in the group receiving the Red Hawk diet
(Figure 2F). Specified values for hemoglobin and hemoglobin maintenance efficiency are listed with
mean separations in Tables S7 and S8.

3.6.4. Liver Iron and Ferritin Concentrations

The concentrations of liver iron and ferritin measured at the end of the feeding trial are shown
in Table 7. Significant (p ≤ 0.05) differences in liver iron were detected among the five treatment
groups with concentrations ranging from 64 μg/g in the group receiving the Ervilha diet to 49–51 μg/g
in the groups receiving the PI527538 and Red Hawk diets. Significant (p ≤ 0.05) differences in liver
ferritin concentrations were also measured between the five dietary treatment groups (Table 7). Liver
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ferritin mirrored liver iron concentrations, ranging from a high of 341 μg/g in the group receiving the
Ervilha diet to a low of 110 μg/g in the group receiving the Red Hawk diet. The liver iron and ferritin
concentrations between the different treatment groups also mirror the ferritin formation results of the
Caco-2 bioassay (Table 6).

Figure 2. Cumulative feed intake (A), Fe intake (B), body weight (C), total body hemoglobin Fe
(D), hemoglobin concentration (E) and hemoglobin maintenance efficiency (HME); (F) during the
6 weeks of consuming bean based diets. Values are means ± SEM (n = 10–13 animals per treatment
group). * Significantly (p ≤ 0.05) lower values measured in the group receiving the Red Hawk diet.
** Significantly (p ≤ 0.05) higher cumulative Fe intakes and higher body weights measured in the groups
receiving the Ervilha and PI527538 diets. *** Significantly (p ≤ 0.05) higher hemoglobin measured at day
42 in the group receiving the Uyole 98 diet versus the group receiving the PI527538 diet. Ψ Significantly
(p ≤ 0.05) higher total body hemoglobin Fe and HME values measured in the group receiving the
Ervilha diet versus the other four treatment groups.
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Table 7. Liver Iron and Ferritin Protein Concentrations After 6 Weeks of Consuming Bean Based Diets. 1

Bean Based Diet
Liver Iron Liver Ferritin

(μg/g) (μg/g)

Ervilha (Manteca) 64.3 ± 3.7 a 341 ± 14 a

Uyole 98 (Amarillo) 54.8 ± 3.4 a,b 243 ± 34 b

PI527538 (Njano) 48.6 ± 3.7 b 163 ± 28 c

Snowdon (white kidney) 59.1 ± 1.7 a,b 325 ± 4.7 a

Red Hawk (red kidney) 51.1 ± 2.3 b 110 ± 18 c

1 Values are means ± SEM (n = 10–13 animals per treatment group). Means sharing the same letter in each column
are not significantly different at p ≤ 0.05. Total iron and ferritin protein concentrations measured as micrograms per
gram of liver tissue (wet weight).

3.6.5. Gene Expression of Iron Import and Export Proteins in the Duodenum

Duodenum gene expression of DMT-1, DcytB and ferroportin relative to 18S rRNA is shown in
Figure 3. Significant (p ≤ 0.05) differences in the expression of DMT-1 and DcytB were detected, but no
significant differences in ferroportin were observed between the five treatment groups (Figure 3). The
highest expression levels of DMT-1 and DcytB were detected in the group receiving the Uyole 98 diet
(Figure 3).

Figure 3. Gene expression of iron proteins in the duodenum after 6 weeks of consuming bean based
diets. Values are means ± SEM (n = 5 per treatment group). Means sharing the same letter in each
column are not significantly different at p≤ 0.05. DMT-1, Divalent Metal Transporter-1; DcytB, Duodenal
cytochrome b.

3.6.6. Bacterial Populations in the Cecum

Significant (p ≤ 0.05) differences in the relative abundance of all four bacterial populations
(Bifidobacterium, Lactobacillus, E. coli, Clostridium) were measured between each of the groups
receiving the bean based diets (Figure 4). Low levels of abundance for Bifidobacterium and Lactobacillus
were detected in the group receiving the Snowdon diet, when compared to the other treatment groups
(Figure 4). Significantly (p ≤ 0.05) higher levels of abundance for all four bacterial populations were
measured in the group receiving the Red Hawk diet (Figure 4).
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Figure 4. Genera and species-level bacterial populations (AU) from cecal contents after 6 weeks of
consuming bean based diets. Values are means ± SEM (n = 6 per treatment group). Means sharing the
same letter in each column are not significantly different at p ≤ 0.05.

4. Discussion

4.1. Assessing the Iron Bioavailability of African Yellow Beans

Three yellow beans were selected from market classes that would be recognized by consumers
in Sub-Saharan Africa [23–25]. Two non-yellow bean varieties were also included in this study, each
representing a white and red kidney bean produced for commercial food manufacturing. Red beans,
such as the dark red kidney, are preferred seed types in many regions of Sub-Saharan Africa and are
often marketed alongside yellow beans [23,24]. The white kidney, Snowdon, was included in the study
to represent a bean variety with no seed coat polyphenols. Snowdon and Red Hawk are from the
same Andean gene pool as the three Africa yellow beans. Snowdon and Red Hawk also share many
of the same genetic and agronomic characteristics [30,31]. Previous in vitro and in vivo studies have
demonstrated that the iron absorption properties between white and red beans are very different from
one another, which creates an ideal frame of reference for comparing the iron bioavailability properties
of yellow beans [25,42]. Relative to the each of the yellow beans in this study, both the white and red
kidney bean varieties have longer cooking times in boiling water. The overall nutritional value, as well
as the iron bioavailability of dry beans is greatly impacted by the conditions in which they are grown,
stored, and processed to become edible [25,46–48]. To limit these factors, beans were grown under the
same field conditions, stored in a controlled environment, and their cooking time was standardized for
each genotype to avoid over-or-under processing before diet formulation.

As previously demonstrated, the Caco-2 bioassay coupled with the Gallus gallus in vivo feeding
model is an effective two-step system for evaluating the iron bioavailability of staple foods, such as
beans [6,38,40–42,49]. The Caco-2 bioassay is an initial assessment used to compare varieties and
to identify factors in food crops that could potentially impact the absorption of iron in vivo [38,39].
For this study, the bioassay shows that iron uptake (via ferritin formation) in Caco-2 cells was
negatively impacted when diets were formulated with the darker colored yellow and red beans
(Table 6). The results of the Caco-2 bioassay also matched the same patterns of liver iron and liver
ferritin concentrations in each group of animals after the feeding trial (Table 7). Additionally, the
bioassay revealed that diets prepared from the Manteca yellow bean produced a higher iron uptake
in Caco-2 cells when compared to the other yellow, white and red bean based diets. The bioassay,
however, did not predict the precise patterns of iron absorption between Uyole 98, PI527538 and the
kidney beans over the course of the in vivo feeding trial. This exemplifies the need for the Gallus
gallus model to be coupled with the Caco-2 bioassay because total body hemoglobin iron (Hb-Fe) and
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hemoglobin maintenance efficiency (HME) are two physiological markers that take into consideration
an animal’s growth rate, food consumption and adaptation to the bean based diet during the course of
a feeding trial [6,40,42,49].

The Gallus gallus model can also be used to gain insight into the mechanism(s) of iron bioavailability
by measuring the hematological, molecular (gene expression) and microbial changes in response
to carefully formulated test diets [14,38,40–42,50]. Similar to humans, the gene expression of
iron absorption proteins and the microbiota profiles of Gallus gallus are impacted by dietary iron
intake [50,51]. The Gallus gallus shares >85% homology with the human gene sequences of the dietary
iron import/export proteins DMT-1, DcytB, and ferroportin [52]. In addition, the phylum levels of
gut microbiota between Gallus gallus and humans are similar, each being dominated by Bacteroidetes,
Firmicutes, Proteobacteria and Actinobacteria [14,53,54]. The Gallus gallus is the first in vivo model to
assess the iron nutrition of yellow beans, and this current study represents the first approach to predict
the iron bioavailability of yellow beans in humans [38].

The Gallus gallus is a useful animal model for testing cooked beans that are combined into diets
as either the main ingredient or formulated into a complex meal plan [40–42]. For this study, cooked
yellow and kidney beans were the main ingredient of bean based diets, contributing to >60% of the
total dietary iron in each diet. Bean based diets were formulated with the complementary foods of
potato, rice, and cabbage in combinations similar to previous in vivo experiments that have successfully
compared the iron bioavailability of different bean varieties in vivo [14,41]. Although the combination
of diet ingredients used in this study would be quite common in Sub-Saharan Africa, future studies
can be designed to evaluate the iron bioavailability of yellows beans within a multiple ingredient meal
plan (the food basket approach), which is more precisely tailored to specific regions where yellow
beans are already familiar to consumers [14,41,55].

4.2. The Iron Bioavailability of African Yellow Beans

Of the three African yellow beans tested in this study, the fastest cooking Manteca yellow bean
(Ervilha) delivered the most absorbable iron for growth and hemoglobin production during the six
week feeding trial. The Manteca is a pale-yellow bean native to Chile, characterized by its gray-black
hilum ring. Higher prices at the market and anecdotal claims of ‘low-flatulence’ inspired scientists to
examine the Manteca seed type’s biochemistry [20,56,57]. They found the Manteca has a different fiber
profile with more digestible starch and protein when compared to other black and red beans [57–59].
More importantly, they discovered the Manteca carries a recessive allele that closes off the production
of procyanidin (condensed tannin) synthesis in the polyphenol pathway [20,56,60].

In addition to producing a darker seed coat color, condensed tannin concentrations influence the
cooking time, as well as the digestibility of dry beans [59,61,62]. Although diets formulated with the
Ervilha and PI527538 had similar iron concentrations and phytate-iron molar ratios (Table 2), the results
of this experiment indicate that the slowest cooking Njano yellow bean PI527538 did not deliver as
much iron as the fastest cooking Manteca yellow bean Ervilha. These results are in agreement with
the current and past Caco-2 cell culture experiments, which show how Ervilha and PI528537 have
distinct iron bioavailability that is independent of their iron concentrations after cooking [25]. The same
polyphenols in black and red beans that were previously shown to inhibit the absorption of iron
in vitro (quercetin 3-glucoside, procyanidin B1, procyanidin B2) were also detected in PI527538 after
cooking [5–8]. These results provide evidence that the fast cooking Manteca is biochemically unique
to other yellow beans, and demonstrates how altering the downstream production of polyphenols
to prevent the synthesis of condensed tannins could be a useful mechanism to improve the iron
bioavailability of dry beans [5–8,25].

Unlike previous investigations that have only compared the iron bioavailability of non-biofortified
and biofortified beans in the same market class [6,14,40,41,55], the results of this study demonstrate that
the iron bioavailability of yellow beans after cooking is not dependent on seed iron concentrations alone.
For example, total dietary iron concentrations (Table 2) and cumulative iron intakes (Figure 2B) were
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lower for animals receiving the Amarillo yellow bean Uyole 98 diet, yet they were able to maintain their
hemoglobin, Hb-Fe, and HME values, as well as their liver iron concentrations just as effectively as the
animals receiving the slower cooking PI527538 yellow bean diet. The up-regulation of the iron import
genes DMT-1 and DcytB in the animals receiving the Uyole 98 diet indicates there was a physiological
adaptation to the lower dietary iron concentrations [6,40,41]. Despite the changes in the gene expression
of iron import proteins, animals receiving the Uyole 98 diet were still unable to maintain their growth
and hemoglobin production as efficiently as the animals receiving the fastest cooking Ervilha bean
based diet. Interestingly, Uyole 98 had the highest concentrations of kaempferol 3-glucoside, but small
amounts of the precursors to condensed tannins (catechin, epicatechin, procyanidin B1) were also
detected in Uyole 98 bean based diets. There is evidence to suggest that these compounds may be
more potent inhibitors of dietary iron than kaempferol 3-glucoside is a promotor of iron in vitro [5–7].

The contrast between Ervilha, Uyole 98, and PI527538 serves as a good example that not all
yellow beans will have the same iron bioavailability. Demonstrating that there is phenotypic diversity
in iron bioavailability between the different market classes of yellow beans, however, is important
for dry bean breeders to identify targets traits that can lead to genetic improvement, while, at the
same time, complementing the biofortification efforts that are currently underway to increase raw
bean seed iron concentrations in yellow beans [4,63]. This study is the first to show that differences
in polyphenols and dietary fiber concentrations between Ervilha, Uyole 98 and PI527538 can also
play a role in determining the microbiota populations of the lower intestine (Figure 4). For example,
the population densities of Bifidobacterium and E. Coli in the cecum were significantly different
between animals fed the Ervilha and PI527538 yellow bean diets. This is an important finding because
the polyphenols and fiber (prebiotics) found in dry beans are implicated in maintaining the health
of the digestive system by influencing bacterial (probiotic) populations in the lower intestine [9–14].
While the measurements of microbiota at the species level is too broad of an interpretation to make
any specific health recommendations about yellow beans, a more detailed study is currently being
conducted to examine the microbial diversity and compositional changes of gut microbiota at the
Phylum and Genus levels in animals fed the yellow and kidney bean based diets.

4.3. Iron Bioavailability of the White and Red Kidney Beans

Animals receiving the white and red kidney bean diets had low feed intakes and slower growth
rates, which prevented these animals from accumulating the Hb-Fe values that were achieved by
the animals receiving yellow bean diets (Figure 2). With the exception of Uyole 98, the white and
red kidney beans tested in this study had significantly more dietary fiber and less protein than the
African yellow beans (Table 3). There is evidence to support that increases in dietary fiber from
habitual pulse consumption increase perceived satiety and reduce food intake, while intervention
studies show that pulse consumption leads to reductions in body weight with or without energy
restriction [64,65]. The differences in soluble and insoluble fiber concentrations between the two seed
types are also indicative of differences in seed coat thickness and cotyledon cell wall composition,
which are additional factors that need to be considered when comparing the digestibility and iron
bioavailability of yellow and kidney beans [66].

The large differences in Hb-Fe between the animals receiving the white kidney Snowdon diet
and the yellow Uyole 98 diet, which had the same iron concentrations, phytate-iron molar ratios,
and fiber concentrations, suggest that kaempferol 3-glucoside may facilitate the absorption of dietary
iron [5–8]. The overall digestibility and iron nutrition of African yellow beans with kaempferol
3-glucoside as their most abundant polyphenol appears to be far superior to that of white and red
kidney beans-with polyphenol profiles that contain little to no kaempferol compounds. The large
differences in growth rates and feed intakes between the two groups receiving the yellow and kidney
bean diets, however, makes it difficult to pin-point kaempferol 3-glucoside as the only contributor of
improved iron bioavailability among the three African yellow beans. Future investigations are needed
to understand kaempferol 3-glucoside’s full potential as a dietary promoter of iron bioavailability in
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dry beans, as well as in other world food crops that also contain kaempferol compounds, such as the
yellow potato or yellow cassava [15].

Comparing the two kidney beans to each other revealed the iron bioavailability of Red Hawk,
with a diverse array of polyphenols detected in its dark red seed coat, was significantly lower than
Snowdon, which had little to no polyphenols in its white seed coat (Table 4). Animals receiving the Red
Hawk diet could not absorb enough iron from the diet to maintain hemoglobin production during the
first 2–3 weeks of the feeding trial (Figure 2E). An interesting adaptation in animals receiving the Red
Hawk diet, however, was evident between weeks 3 and 4 of the experiment as hemoglobin production
began to improve. Of the five beans tested in this study, the highest concentrations of insoluble and
soluble fiber were measured in Red Hawk, which is an important observation because a more diverse
collection of polyphenols, and more dietary fiber (prebiotics) are important factors that promote the
diversity of microbiota populations in the lower intestine [9–14]. All four bacterial populations in the
cecum at the end of the feeding trial were significantly elevated in the animals receiving the Red Hawk
diet, when compared to the animals receiving the white and yellow bean diets (Figure 4). The probiotic
microbial activity and fermentation of fiber in the intestinal lumen produce small chain fatty acids
(SCFA) that include acetate, propionate, and butyrate [67–69]. These molecules are important to the
metabolism and health of the digestive system because they promote intestinal cell proliferation and
serve as an energy source for colonic epithelial cells [67–69]. The recovery of hemoglobin production in
the animals receiving the Red Hawk diet by the end of the feeding trial, in conjunction with increased
levels of bacteria populations in the cecum, indicates that the microbial composition of the lower
intestine can be a contributing factor in the iron status of the host. These results are consistent with
previous animal studies that show how dietary fiber can remodel the microbiota in the lower intestine;
which in turn, can improve the morphometric parameters of the upper intestine by stimulating the
proliferation of enterocytes and the height of duodenal villi [12–14,67,69]. These findings continue
to support the idea that breeding for specific traits that promote the health and diversity of bacterial
populations in the digestive system is an additional strategy that biofortification programs can use to
improve the efficacy of biofortified food crops [14,70,71].

5. Conclusions

The comparisons between the different market classes of yellow and kidney beans tested in this
study provide evidence that the iron bioavailability of yellow beans is unique from other bean color
classes, and the important quality traits that distinguish yellows from other seed types at the market
place, such as seed coat color and cooking time, are key factors in determining the iron benefits of yellow
beans. The yellow bean’s unique bio-delivery of iron provides a new phenotype breeding programs
can utilize to improve the iron quality of new biofortified bean varieties, beyond just increasing raw
seed iron concentrations [72]. Introducing traits similar to those found in the Manteca yellow bean
that reduces the content of procyanidins (condensed tannins), while maintaining the yellow bean’s
abundance of kaempferol 3-glucoside, may have a profound impact on dry bean iron bioavailability.
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Abstract: Nicotianamine (NA) is a low-molecular weight metal chelator in plants with high affinity
for ferrous iron (Fe2+) and other divalent metal cations. In graminaceous plant species, NA serves as
the biosynthetic precursor to 2′ deoxymugineic acid (DMA), a root-secreted mugineic acid family
phytosiderophore that chelates ferric iron (Fe3+) in the rhizosphere for subsequent uptake by the plant.
Previous studies have flagged NA and/or DMA as enhancers of Fe bioavailability in cereal grain
although the extent of this promotion has not been quantified. In this study, we utilized the Caco-2
cell system to compare NA and DMA to two known enhancers of Fe bioavailability—epicatechin
(Epi) and ascorbic acid (AsA)—and found that both NA and DMA are stronger enhancers of Fe
bioavailability than Epi, and NA is a stronger enhancer of Fe bioavailability than AsA. Furthermore,
NA reversed Fe uptake inhibition by Myricetin (Myr) more than Epi, highlighting NA as an important
target for biofortification strategies aimed at improving Fe bioavailability in staple plant foods.

Keywords: biofortification; iron deficiency anemia; iron absorption; ferritin; ascorbic acid; epicatechin

1. Introduction

Iron (Fe) possesses unique redox properties that are critical to fundamental biological processes
such as cellular respiration and photosynthesis [1]. Although abundant in soil, Fe is largely unavailable
for plant uptake under aerobic or calcisol (high pH) conditions (representing ~30% of arable land),
due to the formation of insoluble ferric (Fe3+) ion precipitates [2]. As well as negatively impacting on
plant growth, inadequate plant Fe uptake translates to human Fe deficiency, as plants provide a major
gateway for Fe into human food systems [3]. Plants have evolved sophisticated mechanisms to absorb
Fe from the rhizosphere through reduction and/or chelation of Fe3+ [2]. Non-graminaceous plants such
as common bean (Phaseolus vulgaris L.) reduce soil Fe3+ ions to the more soluble ferrous (Fe2+) form for
uptake into plant roots [4]. By contrast, graminaceous plants such as bread wheat (Triticum aestivum L.)
secrete mugineic acid phytosiderophores, the most common of which is 2′deoxymugineic acid (DMA),
into soil to chelate Fe3+ for plant uptake [5]. Some plant species such as rice (Oryza sativa L.) utilize
aspects of both strategies to maximize Fe uptake under a variety of soil and pH conditions [2].

Within the plant cell, Fe is complexed to chelating agents or is sequestered into plant vacuoles
to avoid cellular damage caused by Fe2+ oxidation and reactive oxygen species (ROS) formation [3].
Low-molecular weight compounds like citrate, malate, nicotianamine (NA) and the oligopeptide
transporter family protein (OPT3) are major chelators of phloem/xylem Fe within all higher plants
while DMA is an additional chelator in graminaceous plants. Citrate, NA, DMA and OPT3 all
function in the transport of Fe from source tissues (i.e., root, leaf) to sink tissues (i.e., leaf, seed) for Fe
storage and/or utilization [4]. Within the leaf, most Fe is bound in a phytoferritin complex within the
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chloroplast [6]. Leaf Fe is liberated from the phytoferritin complex during senescence and chelated by
citrate, NA and/or DMA for transport to the developing seed [4]. Once in the seed of non-graminaceous
plants, the proportion of Fe stored in embryonic, seed coat, and provascular tissues is heavily influenced
by species, genotype and environment [7,8]. The Fe within embryonic tissue is primarily bound to
phytoferritin and represents between 18% to 42% of total seed iron in soybeans (Glycine max L.) and
peas (Pisum sativum L.), respectively [9]. The Fe within the seed coat of common bean ranges between
4% and 26% of total seed iron and is bound primarily to polyphenolic compounds, such as flavonoids
and tannins [8,10,11]. The majority of seed Fe therefore accumulates in cotyledonary tissues and is
likely bound to inositol hexakisphosphate (also known as phytate) within cell vacuoles, or to small
metal chelators like NA in the cytoplasm [7,12]. Certain leguminous plants like soybean and chickpea
(Cicer arietinum L.) accumulate seed NA to very high concentrations (up to a 1:2 molar ratio with Fe),
suggesting that a large proportion of seed Fe is cytoplasmic in these species [13,14]. Graminaceous
plant seeds (i.e., grain) store the majority of Fe (~80% of total grain Fe) as phytate complexes in vacuolar
regions of the outer aleurone layer [3,15,16]. The remaining Fe within the sub-aleurone and endosperm
regions (~20% of total grain Fe) is bound to phytate in intracellular phytin-globoids or chelated to NA
and/or DMA (1:0.1 molar ratio with Fe) within the cytoplasm [17–20].

The absorption of dietary Fe in humans (bioavailability) depends on several factors apart from Fe
concentration alone. The Fe within plant-based foods is mostly comprised of low-molecular weight
(i.e., phytate, NA) and high-molecular weight (i.e., ferritin) compounds and is collectively referred
to as non-heme Fe [6]. Non-heme Fe bioavailability is generally low (5–12%) and influenced by the
concentration of inhibitors (phytate, polyphenols, calcium, etc.) and enhancers, like ascorbic acid (AsA),
in the diet [21,22]. Phytate is the major inhibitor of Fe bioavailability in whole-grain foods, although
certain polyphenolic compounds such as myricetin (Myr) and quercetin exhibit a greater inhibitory
effect in bean-based diets [10,21,22]. Both phytate and Myr form high affinity complexes with Fe3+

that are poorly absorbed across the human intestinal surface [23–25]. Other polyphenolic flavanoids
present in wheat embryonic and bean seed coat tissues are widely presumed to inhibit Fe bioavailability
through pro-oxidation of Fe2+ and/or chelation of Fe3+ [21,26,27]. Enhancers of Fe bioavailability
such as AsA (the strongest enhancer identified to date) are typically antioxidants that reduce Fe3+

and prevent polyphenols binding to newly formed Fe2+ ions that are highly bioavailable [22]. Some
polyphenols such as epicatechin (Epi) are also thought to reduce Fe3+ to Fe2+ and can therefore
act as potent Fe bioavailability enhancers [21]. Another mechanism of promoting Fe bioavailability
is thought to be through direct chelation of Fe2+ for uptake in the human small intestine such
as that proposed for glycosaminoglycans and proteoglycans [22,28,29]. Nicotianamine has been
suggested to enhance Fe bioavailability in Fe biofortified polished rice grains and Fe biofortified
white wheat flour, although the extent of this promotion is unclear [17,18,30–32]. Whether DMA,
also enhances or inhibits Fe bioavailability is unknown and increased knowledge regarding NA and
DMA promotion of Fe bioavailability is needed. Identification of enhancers and inhibitors of Fe
bioavailability has traditionally relied on manipulation of dietary components in lengthy human or
animal feeding trials [33]. By contrast, the Caco-2 cell bioassay allows rapid investigation of diverse
dietary components and accurate estimation of Fe uptake by human intestinal epithelial cells [21,34–36].

Due in large part to high consumption of cereal-based diets that are low in bioavailable Fe, human
Fe deficiency is the most common nutritional disorder worldwide and is particularly widespread in
less-developed countries [37]. Severe Fe deficiency causes iron-deficiency anemia (IDA), a condition
that impairs cognitive development and increases maternal and child mortality, affecting over 40%
of pregnant women and preschool-age children worldwide [38–40]. Biofortification efforts aimed at
increasing micronutrient intake from staple food consumption represent a key component of alleviating
global human IDA, yet there is heavy bias towards increased micronutrient concentration with less
regard for bioavailability [41,42]. Recent biofortification studies in rice and wheat have increased NA
and/or DMA biosynthesis to enhance both Fe concentration and bioavailability [17,20,28,29,43,44].
Increasing NA/DMA biosynthesis in wheat results in higher Fe accumulation in grain endosperm and
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increased Fe bioavailability in white flour that is highly correlated with NA and DMA concentration [17].
Understanding the extent to which NA and/or DMA enhance Fe bioavailability is therefore critical to
determining the effectiveness of these Fe biofortification programs. Here we utilize modifications of the
Caco-2 cell bioassay to characterize NA and DMA as enhancers of in vitro Fe bioavailability through
comparison to known enhancers (Epi and AsA) and in a competitive assay with the inhibitor Myr.

2. Materials and Methods

2.1. Chemicals

Epicatechin, Myr, dimethyl sulfoxide (DMSO), glucose, hydrocortisone, insulin, selenium,
triiodothyronine, and epidermal growth factor were purchased from Sigma-Aldrich (St. Louis,
MO, USA). Nicotianamine and DMA were purchased from Toronto Research Chemicals Inc. (Toronto,
Canada). Sodium bicarbonate and piperazine-N,N′-bis[2-ethanesulfonic acid] (PIPES) were purchased
from Fisher Scientific (Waltham, MA, USA). Iron standard (1000μg/mL in 2% HCl) was from High-Purity
Standards (Charleston, SC, USA). Modified Eagle’s medium (MEM), Dulbecco’s modified Eagle’s
medium (DMEM), and 1% antibiotic–antimycotic solution were purchased from Gibco (Grand Island,
NY, USA).

2.2. Preparation of Metabolite and Fe solutions

Epicatechin and Myr were dissolved in DMSO (100%) to a concentration of 1.6 mM and NA
and DMA were dissolved in DMSO (50%) and 18 MΩ H2O (50%) to a concentration of 0.8 mM. All
solutions were diluted with pH 2 saline solution (140 mM NaCl, 5 mM KCl, adjusted to pH 2 with HCl)
to achieve 400 μM stock solutions and subsequently diluted with pH 2 saline solution to appropriate
concentrations for use in Caco-2 assays. To minimize toxicity to Caco-2 cells, the maximum DMSO
concentration in 30 μM Epi/Myr treatments was 1.9% (2.5% in 40 μM polyphenol treatments). Fe stock
solutions were prepared from 1000 mg/mL Fe standard in pH 2 saline solution. A 50 μL aliquot of Fe2+

stock solution of appropriate concentration was added to 150 μL of prepared metabolite solutions to
achieve the desired Fe/metabolite concentration.

2.3. Caco-2 Assays

The Caco-2 cell assays were performed as previously described [21]. Briefly, cells were cultured in
24-well plates (Corning Costar 24 Well Clear TC-Treated Multiple Well Plates) coated with collagen
and maintained in supplemented DMEM [3.7 g/L sodium bicarbonate, 25 mM HEPES (pH 7.2), 10%
fetal bovine serum] for 12 days postseeding. Twenty-four hours prior to experiments, DMEM was
replaced with iron-free supplemented MEM as previously described [36]. The Fe/metabolite solution
(200 μL) was incubated (~22 ◦C, 15 min) and combined with 1 mL of MEM before an aliquot (500 μL)
was directly applied to Caco-2 cell monolayers. After overnight incubation (37 ◦C), cells were washed
twice with a buffered saline solution (130 mM NaCl, 5 mM KCl, 5 mM PIPES (pH 6.7)) and lysed by
the addition of 0.5 mL 18 MΩ H2O. In an aliquot of the lysed Caco-2 cell solution, ferritin content was
determined using an immunoradiometric assay (FER-IRON II Ferritin Assay, Ramco Laboratories,
Houston, TX) and total protein content was determined using a colorimetric assay (Bio-Rad DC Protein
Assay, Bio-Rad, Hercules, CA) as previously described [36]. As Caco-2 cells synthesize ferritin in
response to intracellular Fe, we used the proportion of ferritin/total cell protein (expressed as ng
ferritin/mg protein) as an index of cellular Fe uptake and refer to this as ‘Fe uptake’ throughout
the manuscript.

2.4. Graphical Representation and Statistical Analysis

Each figure includes three control treatments as indicated by the white, grey and black bars on the
right side of each panel. The first control treatment, “cell baseline”, represents ferritin formation in
Caco-2 cells in the absence of any metabolite or Fe. The second control treatment, either “+ 4 μM Fe”
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or “+ 40 μM Fe”, represents ferritin formation in the presence of 4 μM Fe (typical Fe concentration for
Caco-2 cell assays) or 40 μM Fe alone, respectively. A dotted line between both y-axes is provided
to easily compare treatments to this control. The third control treatment, either “+ 80 μM AsA”
or “+ 800 μM AsA”, represents ferritin formation in the presence of 4 μM Fe with 80 μM AsA or
40 μM Fe with 800 μM AsA (i.e., an Fe:AsA ratio of 1:20), respectively. In Figures 1–3, triangular
data points represent a fourth control treatment of ferritin formation in Caco-2 cells in the presence
of NA, DMA, Epi or AsA solutions without Fe, and displayed values equivalent to the Cell Baseline.
Data represent ng ferritin/mg protein in Caco-2 assays and were generated using SigmaPlot software
(v.13.0, Systat Software, San Jose, CA, USA). Statistical differences between means were analyzed by
unpaired Student’s t-test, and differences among means were assessed using one-way analysis of
variance (ANOVA) with Tukey or Hsu’s MCB post-hoc tests, using Minitab software (v 18.0, Minitab,
State College, PA, USA).

Figure 1. Ferritin formation in Caco-2 cells in response to nicotianamine (NA, red), 2′ deoxymugineic
acid (DMA, blue) and epicatechin (Epi, green) at concentrations varying between (a) 0 and 2.0 μM
and (b) 0 and 20 μM in solution with Fe (4 μM). Triangles indicate ferritin formation at metabolite
solutions (1.6 μM or 16 μM) without Fe. Dotted line indicates ferritin response to 4 μM Fe alone and is
extended to both y axes to facilitate comparison with other treatments. Error bars represent standard
error of the mean of three replicates. Different letters indicate significantly different ferritin formation
between metabolites of the same concentration as analyzed by one-way ANOVA with Tukey post-hoc
test (p < 0.05).
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Figure 2. Ferritin formation in Caco-2 cells in response to varying concentrations (0–20 μM) of
nicotianamine (NA, red), 2′ deoxymugineic acid (DMA, blue) and epicatechin (Epi, green) at
concentrations varying between 0–20 μM in solution with Fe (40 μM). Triangles indicate ferritin
formation in metabolite solutions (16 μM) without Fe. Dotted line indicates ferritin response to 40 μM
Fe alone and is extended to both y axes to facilitate comparison with other treatments. Error bars
represent standard error of the mean of three replicates. Different letters indicate significantly different
ferritin formation between metabolites of the same concentration as analyzed by one-way ANOVA
with Tukey post-hoc test (p < 0.05).

Figure 3. Cont.
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Figure 3. Ferritin formation in Caco-2 cells in response to nicotianamine (NA, red), ascorbic acid (AsA,
orange) and epicatechin (Epi, green) at concentrations varying between (a) 0–2.0 μM and (b) 0–8 μM in
solution with Fe (4 μM). Triangles indicate ferritin formation in metabolite solutions (1.6 μM) without
Fe. Dotted line indicates ferritin response to 4 μM Fe alone and is extended to both y axes to facilitate
comparison with other treatments. Error bars represent standard error of the mean of three replicates.
Different letters indicate significantly different ferritin formation between metabolites of the same
concentration as analyzed by one-way ANOVA with Tukey post-hoc test (p < 0.05).

3. Results

All low concentrations (≤2 μM) of NA, DMA and Epi enhanced Fe uptake into Caco-2 cells,
with NA and DMA promoting ferritin formation more than Epi (Figure 1a). Higher concentrations
(between 2–20 μM) of NA and Epi enhanced Fe uptake, and higher concentrations of DMA inhibited Fe
uptake (Figure 1b). Between concentrations of 2 and 8 μM, NA enhanced Fe uptake more significantly
than Epi with peak ferritin formation at 8 μM (i.e., a 1:2 molar ratio with Fe). At Fe molar ratios of
1:3, 1:4 and 1:5, NA and Epi promoted ferritin formation at the same level (Figure 1b and Table S1).
At a higher concentration of Fe (40 μM), NA enhanced Fe uptake significantly more than Epi at all
concentrations apart from 2 μM, and DMA enhanced Fe uptake significantly more than Epi at 16 and
20 μM (Figure 2). Together, these results demonstrate that NA > DMA > Epi in the promotion of Fe
uptake into Caco-2 cells. As the stronger enhancer, NA was compared in subsequent assays alongside
Epi and AsA. All low concentrations (<2 μM) of NA, Epi and AsA enhanced Fe uptake into Caco-2
cells at similar levels, with NA showing significantly higher ferritin formation at 2 μM (Figure 3a).
Above 2 μM, NA enhanced Fe uptake significantly more than both Epi and AsA with peak ferritin
formation at 8 μM, demonstrating that NA > AsA > Epi in the promotion of Fe uptake into Caco-2
cells (Figure 3b). Across all experiments with Fe:metabolite molar ratios ≤ 1:2, the fold increase in
ferritin formation over the Fe control was significantly higher in Caco-2 cells exposed to NA compared
to AsA, Epi or DMA (Figure 4). To further characterize NA as a strong enhancer of Fe bioavailability,
ferritin formation was measured in response to the Fe uptake inhibitor Myr in combination with NA
(NA:Myr) or Epi (Epi:Myr). At 4 μM, total metabolite concentration, all NA:Myr solutions enhanced
Fe uptake significantly more than Epi:Myr, and a NA:Myr solution of ratio 30:70 increased ferritin
formation more than the Fe control (Figure 5a). At 30 μM total metabolite concentration, NA:Myr
solutions of ratio 70:30, 80:20 and 90:10 enhanced Fe uptake significantly more than Epi:Myr, and
a NA:Myr solution of ratio 90:10 increased ferritin formation more than the Fe control (Figure 5b).
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Together these results demonstrate that NA is stronger than Epi in counteracting the inhibitory effect
of Myr and enhancing Fe uptake into Caco-2 cells.

Figure 4. Average fold increase in Caco-2 cell ferritin formation in response to 2′ deoxymugineic acid
(DMA, blue), epicatechin (Epi, green), ascorbic acid (AsA, orange), and nicotianamine (NA, red) at
Fe:metabolite molar ratios ≤ 1:2 compared to ferritin formation in the presence of Fe alone. Error bars
represent standard error of the mean of at least eight replicates. Different letters indicate significant
differences between mean fold increase in ferritin formation between metabolites as analyzed by
one-way ANOVA with Hsu’s MCB post-hoc test (p < 0.05).

Figure 5. Cont.
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Figure 5. Ferritin formation in Caco-2 cells in response to various molar ratios of nicotianamine:myricetin
(NA, red) and epicatechin:myricetin (Epi, green). Total metabolite concentration at each data point was
(a) 4 μM and (b) 30 μM. Dotted line indicates ferritin response to 4 μM Fe alone and is extended to both
y axes to facilitate comparison with other treatments. Error bars represent standard error of the mean
of three replicates. Asterisks denote the significance between NA and Epi at each molar ratio for p <
0.05 (*), p ≤ 0.01 (**), p ≤ 0.001 (***) as determined by Student’s t-test.

4. Discussion

At low (≤1:2) Fe:metabolite molar ratios, NA and DMA enhanced Caco-2 cell ferritin formation
more than Epi. Interestingly, the level of promotion was more pronounced at 40 μM Fe concentration
compared to 4 μM Fe, despite maintaining the same Fe:metabolite molar ratios (Figures 1a and 2).
As ferritin formation was similar in the ‘Fe control’ at both 4 μM and 40 μM, it is likely that maximum Fe
solubility is exceeded somewhere between 4 μM and 40 μM Fe in the absence of any Fe bioavailability
enhancer (Figures 1 and 2). Although we provide strong evidence to support NA and DMA as
enhancers of Fe bioavailability, the exact mechanism of how NA and DMA facilitate Fe uptake into
Caco-2 cells remains unknown and is likely dependent on the proportion of readily bioavailable ferrous
Fe2+ ions in solution [21]. Both NA and DMA form high affinity 1:1 complexes with Fe3+ ions, however
only NA is thought to be capable of binding Fe2+ [45,46]. Here we demonstrate that DMA promotes
ferritin formation at Fe:DMA molar ratios less than 1:1, suggesting that DMA is capable of binding
Fe2+ and/or reducing Fe3+ ions to some degree and requires further investigation. The decreased
ferritin formation after exposure to Fe:DMA solutions with molar ratio > 1:1 (Figure 1b) could be due
to oxidation of Fe2+ ions in solution and excess formation of Fe3+–DMA complexes that have low
bioavailability for Caco-2 cell Fe uptake [45]. Some polyphenol compounds capable of complexing Fe3+

(e.g., delphinidin and delphinidin 3-glucoside) also demonstrate this biphasic pattern of promoting Fe
uptake at molar ratios < 1:1 and inhibiting Fe uptake at molar ratios > 1:1 [21].

Nicotianamine promoted Caco-2 cell Fe uptake at all molar ratios observed, likely due to the
formation of stable Fe2+–NA complexes and facilitation of Fe2+ uptake. As Fe is provided in a reduced
Fe2+ state when preparing the assay, Fe2+–NA complexes rapidly form after NA addition and maintain
the reduced Fe2+ state during exposure to Caco-2 cells. Certain polyphenols are also suggested to
promote Caco-2 cell Fe uptake via a similar mechanism of binding Fe2+ and slowing the oxidation
of Fe2+ to Fe3+ [21]. The reduced ferritin formation at Fe:NA molar ratios over 1:2 may be due to
excess binding of Fe2+ by NA, preventing the release of Fe2+ for Caco-2 cell uptake, and suggests that
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an Fe:NA molar ratio less than 1:2 is optimal for promoting Fe bioavailability (Figure 1b, Table S1).
Alternatively, NA could enhance Fe bioavailability via direct uptake of Fe2+-NA in a similar mechanism
to that proposed for glycosaminoglycans and proteoglycans and exploring this mechanism will be the
subject of future research [28,29].

Ascorbic acid promotes Fe uptake into Caco-2 cells through de novo reduction of Fe3+ ions and
maintenance of the Fe2+ ions in solution [9,21,22]. Here we demonstrate that at Fe:metabolite molar
ratios less than 1:2, NA enhances Caco-2 cell ferritin formation significantly more than AsA and is
the strongest enhancer of in vitro Fe bioavailability identified to date (Figures 3b and 4). Together,
these results suggest that the ability to bind Fe2+ ions is critical to enhancing Fe uptake into human
intestinal cells. At an Fe:AsA molar ratio of 1:20, complete de novo reduction of Fe3+ ions in solution
(without Fe2+ binding) leads to an ~8-fold increase in Caco-2 cell ferritin levels compared to Fe alone
(Table S1). An Fe:NA molar ratio of 1:20 was not tested as this ratio does not occur naturally in plant
foods, although it is unlikely to show high ferritin formation given the effect of ratios greater than 1:2
(Table S1). Instead, molar ratios less than 1:2 capture the highest ratio of Fe:NA measured to date in
conventional plants foods (Fe:NA ratio of 1:1.6 in biofortified soybean) and provide realistic targets for
plant breeders to improve Fe bioavailability [13].

To rule out the possibility that NA, DMA, Epi or AsA were promoting Caco-2 cell ferritin formation
independent of Fe, Caco-2 cells were exposed to these metabolites alone in concentrations equal to
1.6 μM or 16 μM (Figures 1–3). There was no sign that the metabolite presence alone significantly
increased Caco-2 ferritin formation relative to the cell baseline or disrupted the Caco-2 cell monolayer
at harvest. Thus, the increased ferritin formation observed in Caco-2 cells exposed to Fe:metabolite
solutions is due to the Fe uptake promoting properties of these metabolites.

Although Myr is a potent antioxidant with Fe-reducing properties (normally characteristic of Fe
uptake enhancers), it strongly inhibits Caco-2 cell Fe uptake as it forms highly stable Fe–Myr complexes
with low Fe bioavailability [47,48]. Nicotianamine increased ferritin formation compared to Epi at
all 4 μM solutions and at 30 μM solutions containing over 70% NA or Epi, demonstrating that NA is
stronger than Epi at preventing Fe uptake inhibition by Myr (Figure 5). At 30 μM, ferritin formation
was equivalent to cell baseline for solutions containing less than 70% NA or 90% Epi, demonstrating
that Myr inhibits Fe uptake more effectively than NA/Epi promotes Fe uptake (Figure 5b). At 4 μM (the
equivalent of a 1:1 molar ratio with Fe), 30% NA combined with 70% Myr promoted ferritin formation
above the Fe control, suggesting that NA can outcompete Myr and form Fe2+–NA complexes with
high bioavailability (Figure 5a). An additional assay at 10 μM demonstrated an intermediate response,
with low ferritin formation at 20% Myr due to improper Caco-2 cell growth (Figure S1).

Whether NA would enhance Fe bioavailability in the presence of several enhancers and inhibitors
(i.e., a bean-based food sample) is unclear. To date, increased NA has not overcome the inhibitory
effect of polyphenols/phytate to enhance in vitro Fe bioavailability within biofortified whole wheat
grain [17]. To further address this question, future studies should explore NA biofortification within
plant foods that contain high endogenous NA levels and low Fe:polyphenol molar ratios (e.g., 1:2
in carioca beans) [21]. Nonetheless, plant species with inherently low polyphenol levels (i.e., wheat)
serve as ideal candidates for enhanced Fe bioavailability through the overproduction of NA [26,49].
The additional role of NA in the biosynthesis of DMA (itself an enhancer of Fe bioavailability) further
reinforces increased NA biosynthesis as an effective cereal biofortification strategy to improve global
human Fe nutrition.

5. Conclusions

We utilized a modified Caco-2 cell bioassay to characterize two low-molecular-weight plant metal
chelators – NA and DMA – as strong enhancers of Fe bioavailability and demonstrate that NA is also
capable of reversing Fe uptake inhibition by Myr. In doing so we highlight NA and DMA as important
targets for biofortification strategies aimed at improving Fe bioavailability in cereals. Although we
suspect that NA and DMA promote Fe bioavailability in Caco-2 cells by maintaining Fe2+ ions in
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solution, uncovering the exact mechanism by which these metal chelators promote Fe absorption will
be the subject of future research studies.
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Figure S1: Ferritin formation in Caco-2 cells in response to various molar ratios of nicotianamine:myricetin (NA,
red) and epicatechin:myricetin (Epi, green), Table S1: Fold increases in Caco-2 cell ferritin formation in response to
different molar ratios of 2′ deoxymugineic acid (DMA, blue), epicatechin (Epi, green), ascorbic acid (AsA, orange),
and nicotianamine (NA, red) compared to ferritin formation in the presence of Fe alone.
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Abstract: The parameters derived from bioelectrical impedance, phase angle (PA) and bioelectrical
impedance vector analysis (BIVA) have been associated with cell membrane integrity and body cell
mass. Zinc is a micronutrient that exerts important structural functions and acts in maintaining
cellular functionality. To evaluate cell integrity and body cell mass, PA and BIVA were evaluated in
children orally supplemented with zinc at different concentrations. Anthropometric, bioelectrical
(resistance and reactance) and serum zinc variables were collected from two randomized, triple-blind,
controlled clinical trials. Sampling was composed of 71 children consisting of three groups: a control
group who received a placebo and two experimental groups who received oral supplementation of
5 or 10 mg-Zn/day for three months. The three groups presented increases (p < 0.001) in the linear
height and weight. In the group supplemented with 10 mg-Zn/day, there was an increase in reactance
values (p = 0.036) and PA (p = 0.002), in addition to vector displacement (p < 0.001) in relation to
the confidence ellipses. An increase in serum zinc concentration was found (p < 0.001) in all three
groups. Whit this, the supplementation with 10 mg-Zn/day promotes changes in the integrity of the
cell membrane associated with the increase in the cellular mass of healthy children.

Keywords: body composition; cell membrane; bioimpedance

1. Introduction

Bioelectrical impedance (BIA) has been widely used in clinical practice to evaluate the body
composition of adults and children. Compared with other methods for this purpose, the BIA has
advantages, including safety, low cost, easy-to-use, portability and practicality [1]. The BIA has based
on the principle that body tissues behave as an electric circuit in steady state equilibrium, offering
opposition to the electric current when it is applied to the circuit. The impedance (Z), the name assigned
to this opposition, presents two vectors: resistance (R) and reactance (Xc). R reflects the quantity of
intra- and extracellular fluids, and Xc, the quantity of cell mass, the structure and cell membranes
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functionality. From these vectors, it is possible to calculate the phase angle (PA) and perform the
bioelectrical impedance vector analysis (BIVA) [2,3].

PA is related to cell integrity and functionality, being important both in healthy people assessment
and in prognosis of diseases because it reflects different electrical properties of the body tissues. It also
indicates nutritional status and hydration. Its evaluation is superior to other nutritional, anthropometric
and serum indicators in different populations [4–8].

BIVA is useful for clinical purposes because it detects changes in hydration or body composition,
as demonstrated by Carrasco-Marginet et al. [9] and Koury et al. [10]. Using BIVA, it is possible to
evaluate the patient by direct vector impedance measurements because this method does not depend
on equations or models; it is a graphical method with R and Xc corrected for height, which can generate
three analyses: individual, follow-up, and groups [3].

The plasma membrane has three main functions: coating, protection and selective permeability [11].
Zinc is involved in the integrity, stabilization of structural membranes, protection and cellular
functionality, and exerting structural, catalytic and regulatory functions. Thus, zinc acts as a cofactor of
several metabolic pathways [12,13]. Studies show that zinc deficiency increases erythrocyte membrane
fragility, and compromises platelet aggregation and osmotic protection [11,14,15].

The participation of zinc in membrane stability is described in the literature through three
mechanisms. First, zinc promotes the association between membrane proteins and cytoskeleton
proteins. Second, zinc stabilizes the reduced form of sulfhydryl groups, contributing to the antioxidant
protection against the effects of membrane rupture caused by lipid and protein oxidation. Third,
zinc preserves the integrity of ion channels, thus acting as an antagonist to the adverse effect of free
Ca+2 [10,16]. However, to the best of our knowledge, no studies evaluate the influence of different zinc
concentrations on cell integrity and functionality using PA and BIVA as the evaluation method. This
study aimed to evaluate changes in PA and BIVA in healthy children orally supplemented with zinc at
different concentrations.

2. Materials and Methods

2.1. Study Design and Population

A database search of two clinical trials, randomized, controlled, triple-blind and non-probabilistic
was conducted, had as main objective the supplementation of zinc in apparently healthy children. The
partial results of these studies were previously published [17–19]. These studies were approved by the
Ethics Committee of the University Hospital Onofre Lopes (HUOL) by the Federal University of Rio
Grande do Norte (UFRN) (protocol numbers 323/09 and 542/11).

The tests were carried out with different oral zinc supplementations in apparently healthy children
(stage of sexual maturation suitable for the age, without acute, chronic, infectious or inflammatory
diseases), aged between six and nine years. The children were recruited at four municipal schools
located in the east and west of the city of Natal, Rio Grande do Norte, Brazil.

Exclusion criteria were children in pubarche, thelarche or menarche, who had undergone surgery
of any kind, or who used vitamin or mineral supplements. An endocrinologist performed these
clinical evaluations.

Among the children who comprised this study’s sample, only those eutrophic were included,
considering body mass index for age Z-score (BAZ) (Z-scores between −2 and +1) [20]. In addition,
children with incomplete information for BIVA implementation were excluded. The values of age
(years), weight (kg), height (cm), resistance (Ω), reactance (Ω) and serum zinc (μg/mL) were measured
immediately before the beginning of zinc supplementation (T0) and immediately after three months of
supplementation (T1). Recruitment, inclusion, and exclusion procedures are described in Figure 1.
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Figure 1. Recruitment flowchart with inclusion and exclusion procedures.

2.2. Standardization of Clinical Trials

Both clinical trials were performed by the same research group and had the same methodology
for data collection and analysis with standardized protocols.

2.2.1. Oral Zinc Supplementation

Stratification of the sample according to the oral zinc supplementation resulted in the formation
of three groups: the control group (CG) received a placebo (10% sorbitol, the same vehicle used in the
zinc solution); Group 1 (G1) received 5 mg-Zn/day; and Group 2 (G2) received 10 mg-Zn/day. The
supplementation period was three months. Zinc was supplied in the form of zinc sulfate heptahydrate
(ZnSO4·7H2O; Merck, Darmstadt, Germany). Each drop of the supplement contained 1 mg of the
zinc element. Zinc sulfate heptahydrate acquisition and the oral zinc solution preparation were
performed as described by Brito et al. [19]. Those responsible for the children were instructed to add
the supplement to water, milk or juice at breakfast.

2.2.2. Assessment of Serum Zinc

Serum zinc was determined by atomic absorption spectrophotometry (SpectrAA-200, Varian,
Victoria, Australia). Four milliliters of blood were collected for serum zinc analyses. All processes
related to the collection, separation, dilution, and storage of blood for the serum zinc dosage, as well as
the calibration of the apparatus, standard serum control, and zinc measurements, were performed as
described by Brito et al. [19]. Zinc sensitivity was 0.01 μg/mL, intra-assay coefficient was 2.09% and

67



Nutrients 2019, 11, 1215

reference values was 0.7–1.2 μg/mL, according our laboratory evaluation. The clinical examination
found no signs or symptoms of zinc deficiency.

2.2.3. Anthropometric Assessment

The weight and height of the children participating in the trials were measured using an electronic
scale (Balmak, BK50F, São Paulo, Brazil) and stadiometer (Sanny, São Paulo, Brazil), respectively. BMI
(kg/m2) was calculated as the ratio between body weight and height squared. The weight-for-age
(WAZ), height-for-age (HAZ) Z-scores and BAZ were calculated using AnthroPlus software v1.0.4
(available at www.who.int/growthref/en/) and ranked according to the growth curves of the World
Health Organization for healthy children aged 5–19 years [20]. Trained nutritionists performed
anthropometric assessments.

2.2.4. Bioelectric Impedance

The bioelectrical impedance parameters, R (Ω) and Xc (Ω), were obtained using the Quantum II®

body composition analyzer (RJL Systems, Clinton Township, MI, USA) with a single, safe and painless
electrical frequency (50 kHz). This tetrapolar method was applied with the subject lying supinated.
Four self-adhesive spot electrodes were placed: two on the dorsal surface of the right hand and two on
the dorsal surface of the right foot, as described by Lukaski et al. [21]. With the parameters obtained by
the bioelectric impedance, the percentage of fat-free mass (%FFM) was calculated using the equation
proposed by Houtkooper [22], then the PA and BIVA were performed.

2.3. Bioelectrical Impedance Vector Analysis

R and Xc data were subsequently used to determine PA and BIVA. The PA was calculated with the
formula PA = arc tang (Xc/R) × 180/π [23]. The BIVA results were based on the analysis of normalized
R and Xc values for children’s height measurements (R/H and Xc/H in Ω/m).

BIVA charts directly measure the vectors R and Xc. According to the RXc chart, children’s
standardized impedance measurements are represented as bivariate vectors with their confidence and
tolerance intervals, which are ellipses in the RXc plane. These vectors do not depend on equations.
To investigate the differences between groups, we plotted the 95% confidence intervals for the mean
impedance difference of the bivariate vectors measured under two conditions for each group [24].

The position and length of the vector provide information on the hydration status, cell mass, and
cell integrity. It is an upward or downward displacement of the main axis associated with more or
less soft tissue cell mass, respectively. A significant value for the T2 statistic is evidence that the mean
vectors of each group are different [24].

2.4. Statistical Analysis

Statistical analysis was performed by observing the data distribution using the Shapiro–Wilk
test. All quantitative variables presented normal distribution and were expressed as mean (standard
deviation), except the age that presented non-normal distribution and was expressed as median (Q1;
Q3). Intragroup comparisons were performed using Student’s t-test.

For BIVA, all analyses were performed using the BIVA software [24]. The mean differences
between the impedance vectors in the different supplemented groups were determined using the
Hoteling T2 test. Statistical tests were considered significant at 5% (p ≤ 0.05).

3. Results

With the methodology described, data were collected from 71 children aged 6.2–9.9 years. The
sex distribution in each group were: 50% both sexes of the CG; and 58% and 39% female in G1 and
G2, respectively.
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Concerning serum zinc concentrations, we observed that the children had no apparent zinc
deficiency before the intervention (Table 1). There was a significant increase (p < 0.001) in serum zinc
concentrations in all groups, regardless of supplementation (Figure 2).

Table 1. Group characterization before oral zinc supplementation with different concentrations
(CG = placebo; G1 = 5 mg-Zn/day; G2 = 10 mg-Zn/day).

Group CG G1 G2 p 1

n 24 24 23 –
Age (years) 8.4 (0.5) 8.1 (1.0) 9.1 (0.5) <0.001

Serum zinc (μg/mL) 0.92 (0.13) 1.01 (0.12) 0.90 (0.11) 0.007
WAZ −0.15 (0.79) −0.85 (0.82) −0.43 (1.05) 0.031
HAZ 0.26 (0.98) −0.64 (0.82) −0.39 (1.19) 0.008
BAZ −0.47 (0.74) −0.70 (0.68) −0.27 (0.75) 0.142

Resistance (Ω) 773 (41) 807 (65) 748 (91) 0.017
R/H (Ω/cm) 590.1 (41.7) 654.4 (73.3) 576.0 (87.8) 0.001

Reactance (Ω) 71 (8) 75 (9) 68 (6) 0.008
Xc/H (Ω/cm) 54.3 (7.2) 60.8 (7.9) 52.2 (6.4) <0.001

Phase angle (◦) 5.28 (0.68) 5.34 (0.61) 5.25 (0.64) 0.879
FFM (%) 79.8 (2.8) 78.7 (4.2) 78.8 (3.7) 0.524

WAZ, weight-for-age Z-score; HAZ, height-for-age Z-score; BAZ, Body mass index-for-age Z-score; R/H,
Resistance/Height; Xc, Reactance/Height; FFM, fat-free mass. Continuous variables are presented as the means
(standard deviations). 1 One-way ANOVA.

Figure 2. Intragroup comparison of serum zinc before (T0) and after (T1) three months of intervention
with different oral supplementation of zinc in eutrophic children.

Table 2 shows that regardless of the zinc concentration offered, the three groups improved
(p < 0.001) the linear height and weight, but only the group that received a concentration of 10
mg-Zn/day had an improvement in the values of Xc (p = 0.036) and the PA (p = 0.002).

Regarding the BIVA (Figure 3), only the concentration of 10 mg-Zn/day was enough to promote
significant displacement (p < 0.001) in relation to the confidence ellipses, indicating a possible increase
in the cellular mass in these children.
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Table 2. Anthropometric characteristics and bioelectric parameters before and after oral
supplementation with different concentrations of zinc.

Control Group Group 1 Group 2

Anthropometrics Before After p 1 Before After p 1 Before After p 1

Weight (Kg) 27.4
(3.3)

27.2
(3.9) <0.001 22.8

(3.4)
23.4
(3.8) <0.001 27.1

(4.4)
28.0
(4.5) <0.001

Height (cm) 131.2
(6.4)

132.6
(6.4) <0.001 123.8

(6.9)
125.1
(7.0) <0.001 130.6

(6.8)
132.1
(6.9) <0.001

BMI (Kg/m2)
15.3
(1.1)

15.4
(1.3) 0.141 14.8

(1.1)
14.9
(1.2) 0.334 15.8

(1.2)
15.9
(1.3) 0.053

WAZ −0.15
(0.79)

−0.15
(0.89) 0.980 −0.85

(0.82)
−0.85
(0.88) 0.938 −0.47

(1.08)
−0.43
(1.07) 0.152

HAZ 0.26
(0.98)

0.24
(0.99) 0.339 −0.64

(0.82)
−0.65
(0.80) 0.574 −0.39

(1.19)
−0.37
(1.18) 0.316

BAZ −0.47
(0.74)

−0.46
(0.87) 0.809 −0.70

(0.68)
−0.69
(0.75) 0.970 −0.27

(0.75)
−0.24
(0.75) 0.500

Bioelectrical Before After p 1 Before After p 1 Before After p 1

R (Ω) 772.8
(41.3)

777.7
(50.7) 0.559 806.7

(65.1)
800.0
(71.6) 0.370 748.3

(91.1)
747.2

(101.6) 0.835

R/H (Ω/cm) 590.1
(41.7)

588.3
(56.5) 0.782 654.4

(73.3)
642.9
(83.7) 0.079 576.0

(87.8)
568.6
(93.0) 0.089

Xc (Ω) 71.0
(7.7)

71.9
(9.3) 0.579 75.0

(8.6)
75.0
(6.6) 0.955 67.9

(6.2)
70.0
(7.5) 0.036

Xc/H (Ω/cm) 54.3
(7.2)

54.5
(9.0) 0.863 60.8

(7.9)
60.3
(7.9) 0.737 52.2

(6.4)
53.3
(7.3) 0.163

PA (Ω) 5.28
(0.68)

5.30
(0.58) 0.882 5.34

(0.61)
5.40

(0.49) 0.537 5.25
(0.64)

5.43
(0.68) 0.002

FFM (%) 79.8
(2.8)

79.2
(3.3) 0.065 78.7

(4.2)
78.9
(4.2) 0.478 78.8

(3.7)
78.7
(3.2) 0.558

WAZ, weight-for-age Z-score; HAZ, height-for-age Z-score; BAZ, Body mass index-for-age Z-score; R, resistance; Xc,
reactance; H, height; FFM, Fat-free mass. Variables are presented as mean (standard deviation). 1 Student’s t-test.

Figure 3. Confidence ellipses of 95% of impedance vectors measured before (T0) and after (T1)
three months of intervention with oral supplementation with different concentrations of zinc in
eutrophic children. Black ellipse = control group; Green ellipse = Group 1; Red ellipse = Group 2. An
upward or downward displacement of the main axis is associated with more or less soft tissue cell
mass, respectively.
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4. Discussion

Our results show that zinc supplementation modified intrinsic factors related to body composition,
such as cell integrity and cell mass, even before changes in serum zinc or anthropometric indicators
can be detected, as discussed below.

In the population studied, there was an increase in serum zinc over time in all groups, with no
differences between them. This study was conducted in a city located on the Atlantic coast, where the
supply of food sources rich in zinc is vast. In the study developed by Alves et al. (2016), consumption
of energy, protein, fat, carbohydrates, iron and zinc were adequate according to dietary reference
intakes by age and sex. Mean zinc intake in these population was 6.00 ± 1.01 mg/ day [25].

Recently, zinc supplementation studies with concentrations ranging from 5 to 50 mg-Zn/day
in different infant populations to assess the influence on growth and development have been
conducted [26–29]. In a systematic review, Liu et al. [30] described that zinc supplementation improves
growth parameters with potentially stronger effects in children after two years of age.

The children were in a phase that naturally shows changes in growth. In our study, the
anthropometric parameters of WAZ and HAZ did not show differences between the supplemented
and control groups. Cho et al. [29], when evaluating children who received 5 mg-Zn/day for six
months, also did not observe differences in WAZ and HAZ when compared with the control group.
It should be emphasized that the population of our study, although classified as having negative scores
at T0, neither demonstrated a deficit in height or weight at the beginning of the study, nor indicated
zinc deficiency.

Zinc is essential for the integrity and functionality of cell membranes. Its concentration in the cell
membrane can be quite high depending on the cell type and is influenced by the nutritional status
of zinc in the organism [31]. In the present study, supplementation with 10 mg-Zn/day significantly
increased the values of Xc and PA. Increased PA values are associated with improved cell integrity,
lean mass, and the relationship between water distribution in the intracellular and extracellular
compartments [32].

Koury et al. [10] found higher PA in adolescents with zinc concentrations in the erythrocyte
above the median, concluding that bone age and erythrocyte zinc contribute to PA values in young
male soccer players. PA has also been described as a sensitive and useful tool to detect changes in
nutritional status in addition to being associated with the clinical prognosis of several diseases [4,5].
Pileggi et al. [8] concluded that PA is a useful tool for detecting nutritional risk in children with
osteogenesis imperfecta.

In addition to the increase in Xc and PA in the present study, a significant shift to the upper left
quadrant was observed in relation to the confidence ellipses in the group that received 10 mg-Zn/day.

The use of bioelectric impedance to estimate body composition is a promising methodology [33].
However, one disadvantage is the need to choose equations validated for each specific population [34],
since they can be influenced by biological and clinical factors [35,36].

Piccoli et al. [37] proposed that impedance can be plotted in a cartesian plane as a bivariate vector
derived from R and Xc, standardized by the height of the individual. Thus, the displacement up or
down of the main axis becomes associated with more or less soft tissue cell mass, respectively [24].

In their study, Meleleo et al. (2017) concluded that BIVA could provide more reliable details about
differences in body composition in competitive and noncompetitive adolescents [38]. This method
of evaluation can also be used in other clinical conditions, as described by Juarez et al. (2018), who
noted that BIVA might be an option for cachexia in patients with rheumatoid arthritis [39]. Therefore,
PA and BIVA can be used together to indicate cellular integrity and hydration without requiring
predictive equations.

A strength of this study was the early detection of changes in bioelectrical parameters as a result
of zinc supplementation. Based on that, we suggest that PA and BIVA can be used together to indicate
cellular integrity and hydration status, respectively, without requiring predictive equations. These
findings encourage the replication of this study in other populations. On the other hand, the sample
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size and the disregard of other micronutrients, such iron, were limitations of this study. The exclusion
of 24 participants with missing data and the distribution of the children in three different groups
reduced the sample size and may have affected the power of the study. Iron and calcium interact with
zinc and may influence bioelectrical parameters. Thus, the nutrition status of other micronutrients
must be considered in future studies with a similar aim.

5. Conclusions

Oral zinc supplementation with 10 mg/day promoted Xc and PA changes, in addition to a vector
shift by BIVA, which was associated with changes in cell membrane integrity and an increase in
cell mass in eutrophic children. These original results were observed before changes in serum zinc
concentrations or anthropometric indicators.
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Abstract: Silicon in nutritional amounts provides benefits for bone health and cognitive function.
The relationship between silicon intake from a common daily diet and silicon blood level has been
scarcely elucidated, so far. The aim of this study was to analyze the associations between plasma
silicon levels and the total and bioavailable silicon intake—along with the contribution of silicon
made by food groups—in a healthy adult Polish population. Si intake was evaluated in 185 healthy
adults (94 females and 91 males, aged 20–70) using a 3-day dietary recall and a database on the
silicon content in foods, which was based on both previously published data and our own research.
Fasting plasma silicon levels were measured in 126 consenting subjects, using graphite furnace
atomic absorption spectrometry. The silicon intake in the Polish population differed significantly
according to sex, amounting to 24.0 mg/day in women and 27.7 mg/day in men. The median plasma
silicon level was 152.3 μg/L having no gender dependency but with a negative correlation with
age. Significant correlations were found between plasma silicon level and total and bioavailable
silicon intake, as well as water intake in the diet (r = 0.18, p = 0.044; r = 0.23, p = 0.011; r = 0.28,
p = 0.002, respectively). Silicon intakes from non-alcoholic beverages, cereal foods, and carotene-rich
vegetables were also positively associated with plasma silicon levels. These results may help establish
dietary silicon recommendations and formulate practical advice on dietary choices to ensure an
appropriate supply of silicon. The outcome of this study, however, needs to be confirmed by
large-scale epidemiological investigations.

Keywords: silicon; diet; plasma; adults

1. Introduction

The essentiality of silicon in human health is supported by a growing body of evidence [1–3].
Epidemiological studies have shown that dietary silicon was favorably related to markers of bone
density and turnover. Moreover, Si in nutritional amounts may lower the risk of Alzheimer’s disease
and may improve photo-damaged skin or hair and nail conditions [4–7].

The silicon level in the blood may be considered as a silicon status indicator. However, only a
few reports have been published on silicon concentrations in the blood, and the values reported for
fasting serum concentration in healthy adult subjects have ranged from 100 to 310 μg/L. Moreover,
the relationship between silicon intake from a common daily diet and silicon blood level has so far
been scarcely elucidated [8]. This results partly from the limited number of studies on the silicon
content in foods and its intake in the diet.

Dietary silicon has only been assessed in certain populations so far. According to published
data, a Western-type diet provides between 19 and 31 mg of Si per day [9,10]. Few studies have
been performed on an appropriate dietary silicon level which would ensure beneficial health effects.
An adequate intake of between 10 and 25 mg/day has been suggested, but dietary silicon levels
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approaching 25 mg/day or higher seem to be the most efficacious, at least for maintaining bone health
in men and premenopausal women, with no adverse effects [1,5].

Although the data on silicon content in foods are incomplete, it has been assumed that cereals,
along with beverages (especially beer) and some vegetables and fruits, contribute the most to the
dietary intake of silicon [10–12]. The higher daily silicon intake of men than women which has
been reported by some authors has been attributed to the typically higher beer consumption among
men [9,11]. The bioavailability of silicon differs between foods: orthosilicic acid and water-soluble
silicates from beverages are easily absorbed, whereas phytolytic silica, present in solid plant foods,
is less absorbable [9,10,13]. The bioavailability of silicon from foods may have, along with the total
silicon intake, an impact on its level in the organism.

The results of our recently published study have indicated that diet composition might be related
to plasma silicon level in healthy Polish subjects [8], however no thorough analysis of this relationship
has been carried out with regard to bioavailable silicon intake. The aim of this study was, therefore,
to assess the relationship between plasma silicon levels and total and bioavailable silicon intake from a
typical diet, with respect to the contribution of food groups into the total dietary silicon, in a healthy
adult Polish population. To achieve this aim, we assessed the total silicon content in the diet, largely
based on data available in the scientific literature on the silicon content of various foods. In order to
complete the food silicon database used in this study, the amounts of Si contained in cereal products
and beverages purchased on the Polish market were measured. The bioavailable silicon content in
the diet was calculated, using previously published data on the bioavailability of this element from
individual foods. The contribution of silicon from particular food groups to total silicon intake was
also assessed. The plasma silicon levels in the study population were measured and then correlated
with the total and bioavailable silicon contents in the diet and with the silicon intake from food groups.

2. Materials and Methods

2.1. Subjects

Two hundred and ten healthy adult subjects were recruited for the study from the Lower Silesia
Regional Center of Occupational Medicine in Wrocław, Poland, from public offices and from Wrocław’s
University of the 3rd Age. The exclusion criteria included serious diseases, metabolic disorders, mental
health issues, and declared regular use of medication and/or dietary supplements. Of the participants
that were recruited, 25 were excluded from the study because of particular dietary habits and a history
of prior medication use. The study group finally consisted of 185 adults aged 20–70. All subjects
gave their written informed consent. The study was conducted in accordance with the Declaration of
Helsinki, and the protocol was approved by the Wrocław Medical University Ethics Board (consent
No. KB-202/2012).

The anthropometric measurements and the assessment of dietary intake and habits were performed
by a trained dietician for all subjects. Fasting blood samples were also drawn from 126 consenting
subjects on the day of the dietary interview, and plasma samples were collected for the measurement
of silicon levels—exclusively using plastic ware to prevent pre-analysis silicon contamination of the
samples. Subsequent analyses were performed for the whole population and for men and women
separately, considering gender differences between silicon intake and silicon blood levels, as previously
reported [9,11,14]. As the silicon level in the blood has been shown to be significantly influenced by
age, and because differences in silicon intake might be age-related, according to previously published
studies, we decided to analyze silicon intake and serum levels in age groups largely conforming to those
applied by the National Food and Nutrition Institute (Warsaw, Poland) when reporting recommended
daily intake values for trace elements in adults [15]. However, groups of 66–75 year olds and >75 year
olds could not be represented in our study population. Therefore the assessment of study variables
was performed in the following age groups: ≤30 years, 31–50 years, and ≥51 years.
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2.2. Dietary Intake Assessment

A 3-day dietary recall (2 weekdays and 1 weekend day in the same week) was used to assess
energy and macronutrient intake, as well as silicon intake from the diet. Calculations of the composition
of foods were performed using Diet v. 6.0 software with an uploaded photo album of products and
meals (National Food and Nutrition Institute, Warsaw, Poland, 2019). Amounts of silicon in the diet
were calculated using data from analyses of Polish food products performed at the Department of Food
Science and Dietetics (Wroclaw Medical University) and from published data on the silicon content of
foods originating in Poland, the UK, Belgium, the USA, and South Korea [9,10,16–21]. The following
products purchased on the Polish market were analyzed in our laboratory: cereal products, fruit and
vegetable juices, and mineral and spring waters. The resulting data on the silicon content of these
products were then included into the food silicon database created using previously published data.
For multiple data reported on the same foods, the following order of priority was applied: (1) the
reliability of the method used for silicon measurement, (2) the degree of representativeness of the data,
and (3) the origin of the products analyzed.

Bioavailable silicon in the diet was estimated using published data from human research on
excreted silicon after the consumption of various foods with a determined silicon content [9]. In several
cases, data on the bioavailability assessed by in vitro experiments were also used [10]. Bioavailable
silicon was calculated for foods providing 93.9% ± 3.8% of the total silicon in the diet of the study
group, and the percentage of bioavailable silicon in these foods was 36.5% ± 4.0%. This value was
used for foods when no data on their bioavailability was available.

In addition to total and bioavailable silicon intake from the diet, the contribution of silicon from
particular food groups to the total amount in the diet was assessed and expressed in percentage of total
silicon intake. The database used for total silicon intake calculation was also applied for the calculation
of silicon in food groups. The silicon intakes from individual foods were added up to obtain the main
food groups as well as subgroups of foods relevant in silicon intake. For example, silicon intake from
cereal products was calculated in the following groups: refined grain foods, comprising white breads
and rolls, foods made from white flour and white flour pasta, whole grain foods comprising wholemeal
and wholegrain breads and rolls, cereal flakes, cereal snacks, groats, and wholemeal dishes.

2.3. Food Sampling for Silicon Analysis

Cereal food products: breads, groats, flakes, rice, pasta, and beverages in cartons and plastic
bottles, along with bottled mineral and spring waters, were purchased in domestic grocery stores and
hypermarkets (Lower Silesia region). In the case of beverages, at least three production batches of each
product were collected at least 1 month apart. In total, 486 food products from 99 manufacturers were
analyzed for silicon. Solid food samples were finely ground in a mill, then packed in polyethylene bags
and stored at room temperature prior to analysis. The samples of bread were dried in a laboratory
oven and the dry weight was measured. The juice samples were stored in plastic flasks below −20 ◦C
prior to analysis. Water samples for analysis were taken directly from the original bottles stored at
room temperature.

2.4. Silicon Measurement in Foods

The solid food and juice samples were thoroughly blended and then mineralized (0.5 g) with
4 mL 65% HNO3 (Instra-Analyzed JTBaker, USA) and 1 mL 30% H2O2 (Ultrex II JTBaker, USA)
in a microwave oven (Milestone 1200 Mega, USA). The mineralization was done according to the
manufacturer’s recommendations. The blank digests were carried out in the same way. Measurements
of the silicon content in the mineralized samples and the bottled water samples were performed on a
Perkin Elmer PinAAcle 900 (USA) atomic absorption spectrometer in graphite furnace mode (GF-AAS).
The operating parameters of the GF-AAS for the silicon analysis are presented in Supplementary
Table S1. Two samples of each food product were measured four times each. The plastic and Teflon
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utensils were pre-cleaned or rinsed in 10% HNO3 and then rinsed in deionized water. All reagents
were prepared using deionized water, with a specific resistivity of 18.2 MΩ cm. The calibration
working standard solutions were prepared from a silicon standard solution of 1 mg/L, as (NH4)2SiF6 in
H2O (Perkin Elmer, USA), in a silicon concentration ranging from 40 to 120 μg/L. The samples were
measured directly, or after appropriate dilution with deionized water. The mean recovery of total
silicon obtained for selected spiked samples of food was 101.2%. Accuracy and precision were also
assessed by measuring the silicon in certified reference materials: NCS ZC73008 Rice (NACIS, China)
and MISSIPPI-03 River Water (Environment Canada, Canada). The agreement with the defined values
was 95.2% and 100.5%, respectively.

The resulting data on the silicon content of cereal products and beverages were then included in
the food silicon database which was used to assess the silicon intake of the healthy Polish subjects.
Data on Si in cereal products that require preparation with water were re-calculated, taking into account
the final percentage of water.

2.5. Silicon Measurement in Plasma

The direct measurement of silicon in plasma was performed by GF-AAS (PinAAcle 900, Perkin
Elmer, USA) using the method of standard addition calibration described elsewhere [8]. The operating
conditions and instrumental parameters for silicon measurement are summarized in Supplementary
Table S1.

2.6. Statistical Analyses

Statistical calculations were performed using Statistica StatSoft 13.0. The distribution of continuous
variables (dietary intake, food consumption, and plasma silicon concentration) was checked using
the Shapiro–Wilk test. Depending on the distribution of variables, either Student’s t-test or the
Mann–Whitney U test were used for gender comparisons (dietary intake, food group consumption
and plasma silicon concentration); either Tukey’s HDS test or the Kruskal–Wallis test was used
for age comparisons (dietary intakes, food group consumption, and plasma silicon concentration).
Pearson correlation analysis was used to measure the association between plasma silicon and age,
and age-adjusted partial correlation analyses were performed for the determination of associations
between plasma silicon level and the dietary variables. The correlation analyses were carried out in
the whole study population and in both gender groups. Pearson’s χ2 test was used to assess any
differences in age distribution between the gender groups.

3. Results

3.1. Study Population Characteristics, Dietary Intake, and Dietary Habit Assessment

The baseline characteristics of the subjects, as well as the dietary intake of energy and macronutrients
are presented in Table 1.

3.2. Silicon Content in Cereal Products and Beverages from the Polish Market

The determination of silicon was performed in cereal products that are generally of local origin in
stores, and for which no data on silicon content were available. Silicon content was also measured
in beverages, which are mostly manufactured by domestic producers usually from concentrates
reconstituted with water. The content of silicon in cereal products on the Polish market varied over a
wide range, from 0.94 mg/100 g in Basmati rice to 14.03 mg/100 g in oat bran (Table 2). Refined products
contained less silicon than wholemeal products and wholegrain products. There were also differences
between grain species, with the highest values found in oat, millet, and barley products. High amounts
of silicon were also found in unrefined rice products. The content of silicon in selected beverages—juices
and bottled water available on the Polish market—ranged between 0.63 and 1.22 mg/100 (Table 3).
The fruit juices we analyzed may provide silicon in amounts similar to vegetable and fruit–vegetable
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juices. Mineral waters contained 25% more Si on average than spring waters. As the silicon content in
beverages was measured in at least three production batches of products, the coefficient of variance
(CV) was calculated for each product, in order to assess the variability of silicon levels in beverages
available on the market. The highest CV values were obtained for orange juices (Table 3).

Table 1. Characteristics of the study population and dietary intake.

All Subjects (n = 185) Female (n = 94) Male (n = 91)

Characteristics

Age (years), median (range) 45.1 (20.2–70.2) 45.2 (23.6–68.2) a 45.1 (20.2–70.2) a

≤30 years, n (%) 49 (26.5) 23 (24.5) A 26 (28.6) A

31–50 years, n (%) 74 (40.0) 38 (40.4) 36 (39.7)
≥51 years, n (%) 62 (33.5) 33 (35.1) 29 (31.9)
BMI (kg/m2), median (range) 25.6 (18.3–32.0) 24.4 (18.3–32.0) a 25.9 (18.8–31.8) b

Body weight (kg), median (range) 73.0 (46.5–130.0) 63.0 (46.5–86.0) a 78.0 (60.0–130.0) b

Dietary intake, median (Q1–Q3)

Energy (MJ/day) 8.07 (7.19−9.42) 7.57 (6.97−8.12) a 9.35 (8.12−10.70) b

Nutrients (g/day)
Protein 76.5 (63.1–92.7) 66.8 (57.9–78.2) a 91.3 (74.0–108.2) b

Carbohydrates 281.4 (246.1−319.6) 269.3 (236.6−300.5) a 304.1 (254.6−350.1) b

Fat 58.2 (42.8−77.7) 46.1 (36.6−59.7) a 72.7 (54.8−90.7) b

Ash 17.7 (14.8−21.3) 16.3 (15.9−13.4−18.6) a 20.3 (17.5−23.8) b

Fiber 21.9 (17.6−27.7) 21.6 (16.3−25.6) a 22.9 (18.3−30.4) b

Water 2158 (1715−2634) 2053 (1626−2589) a 2269 (1886−2686) b

Alcohol 3.0 (0.0–6.4) 0.0 (0.0–5.0) a 6.0 (0.0–10.7) a

BMI—body mass index; Q1–Q3—range between 25th and 75th percentiles. Values in the same row which do not
share the same superscript letter are significantly different (p <0.05). For the variable comparison between female
and male groups, lowercase letters were used; for the comparison of age-group distribution in the female and male
groups, uppercase letters were used.

Table 2. Silicon content in cereal products (mg/100 g).

Product n Mean ± SD

Breads

Bread, white 15 1.88 ± 0.83
Rolls, white 10 1.59 ± 0.64
Breads, wholemeal & wholegrain 13 2.00 ± 0.63
Rolls, wholemeal & wholegrain 6 1.82 ± 0.48
Crispbread 15 3.97 ± 3.62
Matzo, classic 2 1.50 ± 0.12
Matzo, wholemeal 2 2.45 ± 0.13

Groats

Couscous 4 2.35 ± 0.78
Buckwheat & Roasted buckwheat 9 1.17 ± 0.59
Millet 5 7.96 ± 0.71
Barley 6 6.64 ± 3.73
Corn 3 1.67 ± 1.71

Flakes

Corn 5 2.12 ± 0.46
Oat 5 13.89 ± 2.62
Wheat 3 2.49 ± 0.59
Spelt 4 2.42 ± 0.87
Rye 3 2.29 ± 0.40
Muesli (various types) 6 4.58 ± 2.31

Bran

Oat 3 14.03 ± 7.69
Wheat 4 6.80 ± 2.19

Rice

Long grain, white 4 3.41 ± 2.62
Jasmine, white 4 1.47 ± 0.28
Basmati, white 4 0.94 ± 0.30
Whole grain, brown 10 9.72 ± 2.57
Chinese, black 3 10.63 ± 7.46
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Table 2. Cont.

Product n Mean ± SD

Wild rice (Zizania aquatica) 4 2.99 ± 0.44

Pasta

Wheat, white 4 1.22 ± 0.31
Wheat, wholemeal 5 5.20 ± 2.82
Spelt 2 2.86 ± 0.64
Rye 2 5.28 ± 1.24
Mixed grain 2 5.63 ± 1.41

SD—standard deviation.

Table 3. Silicon content in beverages (mg/100 g).

Product n Mean ± SD Range of CV Values for Products from a Single Brand (%) *

Juice

Orange 8 0.87 ± 0.35 32–99
Apple 8 0.90 ± 0.58 7–33

Grapefruit 8 0.63 ± 0.39 11–54
Blackcurrant 3 0.66 ± 0.05 13–32
Multi-fruit 4 1.22 ± 0.29 14–28

Carrot–Fruit 6 1.17 ± 0.48 16–57
Tomato 6 0.75 ± 0.22 11–38

Multi-vegetable 7 0.76 ± 0.26 6–34

Bottled water

Spring 5 0.77 ± 0.40 3–42
Mineral 17 0.96 ± 0.63 3–50

SD—standard deviation; CV—coefficient of variation, %. * CV assessed by analysis of at least 3 samples, from different
production batches, of each shop-bought product.

3.3. Silicon Intake

Total and Bioavailable Silicon in the Diet and Silicon Intake from Food Groups

The total intake of silicon in the study group, the amount and percentage of bioavailable silicon,
and the contribution of silicon from particular food groups to total silicon intake are presented in Table 4.
It may be noted that men consumed significantly more silicon in their diet than women, however,
no differences in total silicon intake were found between the age groups of the study population.
Bioavailable silicon comprised 36.5% of total dietary silicon in the study population. In line with
total silicon, both the bioavailable silicon content and its percentage in total silicon were higher in
men than in women. A higher percentage of bioavailable silicon in the diet was also shown for the
younger subjects rather than the older ones. Non-alcoholic beverages in total were found to be a
major source of silicon in the diet. These products provided ca. 30% of dietary silicon in the study
population, with an equivalent contribution made by hot beverages (tea and coffee) and cold ones.
However, women gained more silicon from hot beverages than men, and in the youngest subjects a
higher intake of silicon from cold non-alcoholic beverages was noticed in comparison with older age
groups. The high contribution of cereal products in total, accounting for 25.8% of the amount of silicon
in the diet, was also revealed. Among them, whole grain foods were shown to be more important in
providing silicon for women than for men. Fruit and vegetables provided considerable amounts of
silicon, whilst the lowest contribution of these products to silicon intake was shown for subjects aged
≤30. Divergent eating patterns influenced the contribution of silicon from meats, eggs, and fats to the
total silicon intake in both sexes, as these products provided almost half as much silicon in the diet of
women than of men.
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3.4. Plasma Silicon and Its Relation to Diet

Fasting plasma silicon levels were measured in 126 of the study participants; the median value
amounted to 152.3 μg/L, with no significant differences in terms of gender (Table 4). However,
an impact of age on plasma silicon level was noted. Subjects younger than 31 years had higher silicon
plasma levels than those in the older age groups. This was confirmed by the negative correlation of
plasma silicon values with age (r = −0.40, p <0.000). Further correlation analyses were performed
after adjusting for age and measured anthropometric parameters (body mass index and body weight).
In the assessment of dietary impact on plasma silicon, we included the following dietary variables:
total and bioavailable silicon intake, macronutrient intakes, and silicon intakes from food groups and
subgroups. Animal protein-rich foods (meat and meats products, fish and fish eggs, and milk products)
were taken into consideration in total, as the intake of silicon from these products was relatively low.
Only the significant correlations are presented in Table 5.

Table 5. Significant partial correlations between plasma silicon level and dietary variables (n = 126).

Variable r † p-Value

Nutrient (intake/day)

Silicon 0.18 0.044
Bioavailable silicon 0.23 0.011

Water 0.28 0.002
Fat −0.19 0.036

Animal protein −0.18 0.045

Silicon from food groups and subgroups (intake/day)

Cold, non-alcoholic beverages 0.21 0.022
Mineral & Spring water 0.22 0.013
Fruit & Vegetable juices 0.22 0.011

Groats 0.19 0.037 *
White rice 0.2 0.034

Cereal flakes 0.32 0.009 **
Carotene-rich vegetables 0.28 0.002

Animal protein-rich foods −0.18 0.045
† Partial correlation coefficient, adjusted for age, body mass index and body weight. * only in female subjects. ** only
in male subjects.

Plasma silicon levels positively correlated with total and bioavailable silicon content in the
diet—along with water intake—in the study population. Moreover, a negative correlation with fat and
animal protein was noted. The silicon intake from particular food groups was also associated with
plasma silicon level. Among them, the consumption of cold, non-alcoholic beverages was shown to be
positively related to silicon concentration in the blood. Silicon intake from cereal products in total was
not associated with plasma silicon level, although positive correlations were found for selected cereal
products. From among vegetable and fruit food groups, a positive correlation with plasma silicon
was recorded only for carotene-rich vegetables. A negative relationship found for silicon from animal
protein-rich foods supported the negative correlation for animal protein intake.

4. Discussion

In our study, we assessed thoroughly the relationship between silicon intake from a typical diet
and fasting plasma silicon level, taking into consideration both total dietary silicon and bioavailable
silicon, as well as silicon intake from food groups.

In the assessment of dietary silicon in the Polish population we found it necessary to complete the
database on the silicon content of foods, by determining the silicon content of cereals and non-alcoholic
beverages available on the Polish market. Cereals greatly contribute to the energy intake of the Polish
population, according to the National Multicenter Health Survey (WOBASZ II, 2013–2014), and may
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provide considerable amounts of silicon in the diet [16,22]. The silicon content of these products on the
Polish market, however, had not been measured. Beverages were shown to be important sources of
highly absorbable orthosilicic acid [9,10], but there was only a single study published on the silicon
content of these products in Poland [19]. Our results confirmed the high silicon content of cereal
products found by other authors, though some differences were shown, including a lower silicon
content of Polish wholemeal and wholegrain breads [16,17]. In the fruit and vegetable juices analyzed
in our study, a lower range of silicon concentration was recorded than the range previously published
for Polish products (0.12–2.67 mg/100 g) [23]. This discrepancy might result from the relatively high
variation of silicon content in these products, even among different production batches of the same
brand. As the juices were not fortified, the differences might result from the variable content of
silicon in the raw material or in the water used in the manufacturing process. This indicates that the
contribution of juices to silicon intake may vary even if the same product is consistently present in
the diet. In the mineral waters and spring waters analyzed, we found higher silicon concentrations
than those reported for bottled waters produced in northern Poland [19]. The differences in silicon
content might therefore be attributed to the geographic features of the area from which the water is
sourced [24].

Self-selected food consumption in the Polish population has translated into a daily intake of
silicon which is close to the lower limit (25 mg/day) that is considered beneficial. This finding was also
similar to the results obtained from the original Framingham and Framingham Offspring cohorts [9].
Nevertheless, the negative impact of age on total silicon intake found in the Framingham study was not
confirmed in our study group. The higher amount of silicon in men observed in our study might not be
attributed to higher beer consumption in this gender group—as previously reported [9–11]—because
the overall consumption of alcohol in men was low and did not differ significantly from that of
women. The distribution of foods contributing to silicon intake in our study population confirmed the
significant role of cereals and non-alcoholic beverages in the provision of silicon, and the smaller but
still relevant position of fruits and vegetables in silicon intake, as shown elsewhere [9–11].

In our assessment of dietary silicon, we also calculated the proportion of total intake of Si
which represented a bioavailable form of silicon. As the data used in these calculations originated
from experiments estimating silicon absorption from individual foods [9,10,13], the dietary silicon
bioavailability presented in this study should be regarded as the potential bioavailability from the diet
not taking account the factors that can influence the uptake of silicon from mixed meals. Some gender
and age-related divergences in dietary habits, and therefore in food contributions to total silicon
intake, have corresponded with differences in bioavailable silicon amount in the diet. The higher
contribution of cold non-alcoholic beverages to silicon intake in subjects aged under 31 translated into
a higher percentage of bioavailable silicon in their diet. Meat products—providing more silicon in
the diet of male subjects than female ones—were shown to contain available silicon amounting to
more than 70% of total silicon [10]. Moreover, despite the low consumption of alcoholic beverages
in the study population, men tended to consume more of the products that are known for their high
bioavailable silicon content, especially beers. This pattern of consumption resulted in a higher intake
of bioavailable silicon in this gender group. The actual bioavailability of silicon from a mixed diet
needs to be investigated in order to collect more reliable data.

Silicon content in the diet of the study population was then tested against plasma silicon level.
As with results reported for the German population, plasma silicon showed an inverse relationship
to age [14]. After adjusting for age and anthropometric parameters, the total silicon content in the
diet of healthy adults was shown to be weakly correlated with plasma silicon level. To date, only one
study—of an adult Korean population—has investigated the associations between self-selected food
consumption and body silicon status, determined by silicon urine excretion [11]. The authors reported
that dietary silicon, assessed by the food record method and their own food silicon database, was
significantly positively related to diurnal silicon in the urine among males alone. When taking into
consideration bioavailable dietary silicon, its relationship to plasma silicon level was slightly more
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pronounced in the Polish population, indicating that the consumption of a diet rich in bioavailable
silicon may be important for the maintenance of body silicon status. The positive relationship between
plasma silicon level and silicon intake from non-alcoholic beverages, which was accompanied by a
positive correlation with water intake, clearly confirms the substantial role of foods rich in monomeric
silicon, such as spring water, mineral water, and fruit and vegetable juices, in providing silicon to the
human body [10,13]. This association was not observed for hot beverages (coffee and tea), which may be
related to coffee and tea polyphenols affecting the availability of minerals [25]. However, in our recent
study we noticed a positive association between plasma silicon and tea and coffee consumption in
rheumatoid arthritis patients [8]. As the body silicon status in rheumatoid arthritis seems to be affected,
other factors related to the disease may interfere with the associations found. A significant correlation
with plasma silicon was also observed for some cereal foods, including groats, which are known to be
generally rich in silicon (especially barley and millet, see Table 2). Taking into consideration the high
contribution of cereal products to the total silicon intake in Polish populations and in others, their role
as a source of dietary silicon and in maintaining silicon levels in the body appears to be significant.
Among carotene-rich vegetables, which also positively correlated with plasma silicon, green beans
and spinach have been reported to be high-silicon foods [16,23]. This might have an impact on the
observed correlation. Despite the high bioavailability of silicon from animal foods, their relationship
with plasma silicon level was negative, as in the case of silicon from fats. The influence of the chemical
environment created by food components on the absorption and retention of silicon has not yet been
recognized, however, the impact of dietary fat on the absorption of trace elements could play a role,
among others [26].

The results of this study may be helpful in establishing dietary recommendations on silicon and
the formulation of practical advice on dietary choices to ensure its appropriate supply. Further studies
are merited in order to explain the mechanisms which interfere with Si absorption and retention in
the body.

5. Conclusions

In our study, significant correlations were found between plasma silicon level and the total and
bioavailable silicon intake, and the consumption of fluids, cereal foods, and carotene-rich vegetables.
However, our findings need to be supported by large-scale epidemiological studies. Moreover,
a number of issues concerning dietary silicon interactions with nutrients and metabolic factors must
still be elucidated.
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Abstract: Patients with biotin deficiency present symptoms that are similar to those in patients with
acrodermatitis enteropathica (inherent zinc deficiency). However, the association between biotin
and zinc deficiency remains unknown. We have previously shown that epidermal keratinocytes of
mice fed zinc-deficient (ZD) diets secreted more adenosine triphosphate (ATP) than those of mice fed
zinc-adequate (ZA) diets and that epidermal Langerhans cells are absent in ZD mice. Langerhans cells
highly express CD39, which potently hydrolyzes ATP into adenosine monophosphate (AMP). Thus, a
lack of Langerhans cells in ZD mice leads to non-hydrolysis of ATP, thereby leading to the development
of ATP-mediated irritant contact dermatitis. In this study, we examined if biotin-deficient (BD)
mice showed the same underlying mechanisms as those in ZD mice. BD mice showed reduced
serum zinc levels, disappearance of epidermal Langerhans cells, and enhanced ATP production
in the skin. Consequently, irritant contact dermatitis was significantly enhanced and prolonged
in BD mice. In conclusion, the findings of our study showed that biotin deficiency leads to zinc
deficiency because of which patients with biotin deficiency show similar symptoms as those with
acrodermatitis enteropathica.

Keywords: biotin deficiency; zinc deficiency; acrodermatitis enteropathica; Langerhans cells;
adenosine triphosphate

1. Introduction

Biotin is a water-soluble vitamin that serves as a co-enzyme for five carboxylases, namely, the
covalently bound coenzyme for acetyl-CoA carboxylases 1 and 2, pyruvate carboxylase, propionyl-CoA
carboxylase, and 3-methylcrotonyl-CoA carboxylase. These biotin-dependent carboxylases facilitate
various metabolic reactions such as gluconeogenesis, fatty acid synthesis, and amino acid synthesis.
Mammals cannot synthesize biotin by themselves; they obtain biotin through food and some gut
microbiota produce biotin. Biotin deficiency (BnD) rarely occurs in people who consume a normal
mixed diet [1,2]. However, genetic deficiency of holocarboxylase synthetase and biotinidase, continuous
consumption of raw egg whites, parenteral nutrition, and modified milk without biotin supplementation
could result in BnD [1–3]. Patients with BnD [4] are known to develop clinical symptoms that are
similar to those in patients with acrodermatitis enteropathica (AE), which is caused by loss-of-function
mutations in Zrt-, Irt-like protein (ZIP) 4 [5–7]. The clinical symptoms of AE include characteristic skin
lesions, alopecia, and diarrhea.

Patients with AE exhibit severe zinc deficiency (ZnD) because their intestines lack the ability
to absorb zinc. The characteristic skin lesions of AE occur in the periorificial, anogenital, and acral
regions, which are exposed to the external environment. These lesions were caused by adenosine
triphosphate (ATP)-mediated irritant contact dermatitis (ICD) [8–10]. Mice fed zinc-deficient (ZD) diet
showed an impaired allergic contact dermatitis (ACD) in response to dinitrofluorobenzene (DNFB)
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compared to mice fed a zinc-adequate (ZA) diet. ZnD leads to impaired immune responses because of
dysfunction in the immune cells. Thus, DNFB-mediated ACD is attenuated in ZD mice. However, ZD
mice exhibited a significantly increased and prolonged ICD in response to croton oil (CrO) compared
with ZA mice [8–10]. ATP is released from keratinocytes (KCs) in response to various environmental
stimuli through lytic and non-lytic mechanisms, which results in ICD [11]. An ex vivo organ culture
with CrO showed that the amount of ATP released from the skin of ZD mice was much greater than
that released from the skin of ZA mice. Additionally, an injection of apyrase that hydrolyzes ATP
into adenosine monophosphate (AMP) restored the increased and prolonged ICD caused by CrO
application in ZD mice [8]. These results suggest that the prolonged ICD response in ZD mice was
mediated via the excess ATP release by KCs in response to irritants.

Langerhans cells (LCs) are a subset of antigen-presenting cells that are distributed in the
epidermis [12]. LCs but not KCs express CD39 (ecto-nucleoside triphosphate diphosphohydrolase 1;
ENTPD-1) that potently hydrolyzes ATP into AMP [13–15], thereby assuming approximately 80% of
the epidermal ATP hydrolysis [16]. Interestingly, epidermal LCs were absent in the skin lesions of
patients with AE and of ZD mice [8–10]. The impaired ATP hydrolysis because of the disappearance
of LCs leads to ATP-mediated inflammation in the epidermis, followed by the development of ICD.
Therefore, the characteristic skin lesions in patients with AE are developed by aberrant ATP production
from ZD–KCs and defective ATP hydrolysis due to loss of CD39-expressing LCs.

Patients with BnD show similar characteristic skin lesions as patients with AE. Thus, we
hypothesized that skin lesions in BnD are caused by the same underlying mechanisms as those
in ZnD.

2. Materials and Methods

2.1. Study Approval

Murine studies were conducted with the approval of and in accordance with the guidelines for
animal experiments of the University of Yamanashi.

2.2. Animals and Diets

Five-week-old female BALB/c mice were purchased from Oriental Yeast Co. Ltd. (Tokyo, Japan).
Mice were maintained under specific pathogen-free conditions throughout this study. Biotin-deficient
(BD) and zinc-deficient (ZD) diets were purchased from CLEA Japan Inc (Tokyo, Japan). The mice
were fed control (biotin-adequate; BA) or BD diet from 5 to 21 weeks of age. BA and BD diets were of
almost the same nutritional quality, differing only in terms of biotin content. In another experiment
(Figure 1B), the mice were fed ZD or control (zinc-adequate; ZA) diet from 5 to 11 weeks of age.
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Figure 1. (A) Five-week-old female BALB/c mice were fed biotin-adequate (BA) (control diet) or
biotin-deficient (BD) diet for 12 weeks. (B) Serum zinc levels of zinc-adequate (ZA) and zinc-deficient
(ZD) mice after consumption of ZA (control) and ZD diet for seven weeks (left panel). Serum zinc
levels of BA and BD mice fed BA (control) and BD diets for the indicated weeks (right panel). Five
mice of each group were analyzed. Course of body weight (C) and survival rate (D) of BA and BD
mice. Ten mice of each group were analyzed. (E) Change of skin phenotype of BA and BD mice after
consumption of BA and BD diets for the indicated weeks (hematoxylin and eosin stain, ×100). Data are
representative of three independent experiments. * p < 0.05, ** p < 0.01.

2.3. Reagents and Antibodies

Dinitrofluorobenzene (DNFB), croton oil (CrO), and bis(2-acrylamidoethyl) disulfide (BAC)
were purchased from Sigma-Aldrich (St. Louis, MO, USA). FITC-conjugated anti-mouse IA/IE and
PE-conjugated anti-mouse CD45 mAbs were purchased from BioLegend (San Diego, CA, USA).

2.4. Quantification of Zinc Levels in the Serum

Serum zinc levels of BA, BD, ZA, and ZD mice were determined using the Zinc Quantification Kit
(abcam, Cambridge, MA, USA) as per the manufacturer’s instructions.
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2.5. Histological Examination

Skin specimens from the backs (Figure 1E) and ears (Figure 2E,F) of BA or BD mice were surgically
removed, fixed in 4% paraformaldehyde overnight at 4 ◦C, and then dehydrated in 70% ethanol.
Samples were embedded in paraffin. Sections were stained with hematoxylin and eosin.

Figure 2. (A,B) Five-week-old female BALB/c mice were fed BA (control diet) or BD diet for 12 weeks.
Epidermal langerhans cells (LCs) were identified as CD45+IA/IE+ cells. Three mice for each group
were analyzed. (C) ATP release in response to BAC from the ear skins of BA and BD mice at 12 weeks
after the initiation of BA and BD diets. Five mice of each group were analyzed. (D) ACD (left panel)
and ICD (right panel) in BA and BD mice at 12 weeks after the initiation of BA and BD diets. Five
mice of each group were analyzed. (E,F) ears of BA and BD mice elicited irritant contact dermatitis
(ICD) response at 24 h after CrO application. (G) mRNA expression of molecules associated with LC
differentiation and survival in KCs. Data are representative of 3 independent experiments. * p < 0.05,
** p < 0.01, *** p < 0.001.
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2.6. Preparation of Epidermal Cell Suspensions

The dorsal back skin was removed and incubated with 0.5% solution of trypsin (type XI,
Sigma-Aldrich, St. Louis, MO, USA) in PBS for 30 min at 37 ◦C to separate the epidermis from the
underlying dermis. After the removal of the loosened dermis, the epidermal sheets were gently
agitated with 0.05% DNase1 (Sigma-Aldrich, St. Louis, MO, USA) in PBS for 10 min, and the resulting
epidermal cell suspension was passed through a nylon mesh to remove hair and stratum corneum
prior to use.

2.7. Flow Cytometry

Single-cell suspensions (1 × 106) of epidermal sheets from BA and BD mice (3 mice per group) were
stained for LCs with FITC-conjugated anti–IA/IE and PE-conjugated anti-CD45 mAbs for 30 min at
4 ◦C. Live/dead discrimination was performed using propidium iodide (Sigma-Aldrich, St. Louis, MO,
USA). After washing, samples were analyzed using a FACSCalibur flow cytometer (BD Biosciences,
San Jose, CA, USA).

2.8. Quantification of ATP Release from the Skin

Both ears from all the mice were taken immediately after sacrifice. Ear skins of the dorsal (back)
side were used in the experiment. Ear skin explants were prepared by cutting into 8.0 mm circular
pieces. The 2 pieces of ear skin were floated with the epidermis side upward in 12-well plates containing
4 mL PBS and incubated on ice for 10 min. Subsequently, 0.1% BAC was added to the culture. After
30 min, ATP concentrations in the supernatants were quantified using the luciferin-luciferase assay.

2.9. ACD and ICD Responses

For chemical induction of allergic contact dermatitis (ACD), all mice were topically treated with
20 μL of 0.5% DNFB dissolved in acetone/olive oil (4:1), which was painted onto the shaved abdomen
at days 0 and 1. The ears were then challenged by application of 10 μL of 0.2% DNFB on the right ear
and vehicle alone on the left ear on day 5. For chemically induced irritant contact dermatitis (ICD), all
mice received topical application of 1% CrO on the right ear and vehicle alone on the left ear. Swelling
responses were quantified (right ear thickness minus left ear thickness) by a third experimenter using
a micrometer.

2.10. Quantitative Real-Time PCR Analysis

Epidermal Cell Suspensions were prepared from back skins of BA and BD mice. To isolate
keratinocytes (KCs), CD45+ cells were eliminated using MACS (Miltenyi Biotec, Bergisch Gladbach,
Germany). Total RNA was extracted using QIAzol® Lysis Reagent (Qiagen, Hilden, Germany) and
RNeasy® Plus Universal Mini kit (Qiagen, Hilden, Germany) as per the manufacturer’s instructions.
Reverse transcription reaction was performed using ReverTra Ace® qPCR RT Kit (Toyobo, Osaka,
Japan) as per the manufacturer’s instructions. mRNA levels were determined using commercially
available primer/probe sets (TaqMan® Gene Expression Assay, Applied Biosystems, Foster City, Calif)
and the AB7500 real-time PCR system (Applied Biosystems, Foster City, Calif). The amount of target
gene mRNA obtained using real-time PCR was normalized against the amount of the housekeeping
control gene (β-actin) mRNA. Primers corresponding to murine TGF-β, Il-34, Bmp7, Itgαv, Itgβ6, and
Itgβ8 were designed by Takara (Shiga, Japan).

2.11. Statistics

Significant differences between experimental groups were analyzed by Student’s t test. p values
less than 0.05 were considered significant. The survival of BA and BD mice was analyzed in the
Kaplan–Meier format using log-rank (Mantel–Cox) test (Figure 1D).
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3. Results

3.1. Dietary Biotin Deficiency Leads to Zinc Deficiency

After a 12-week biotin-adequate (BA; control) or biotin-deficient (BD) diet, the body size of BD
mice was smaller than that of BA mice. Although BD mice did not exhibit apparent alopecia, the
hair distribution was apparently sparse (Figure 1A). We next compared serum zinc levels between
dietary zinc-deficient (ZD) and BD mice. Mice started to die after 8 weeks of initiation of ZD diet [8].
Accordingly, we measured serum zinc levels of zinc-adequate (ZA; control) and ZD mice at 7 weeks
after the initiation of the ZA or ZD diet. Serum zinc levels were significantly impaired in ZD mice
compared with ZA mice at this time point (Figure 1B; left panel). We found that BD mice showed a
quick reduction in the serum zinc levels after initiation of the BD diet. After 9 weeks of initiation of the
BD diet, the serum zinc levels in BD mice were significantly reduced compared with those in BA mice
(Figure 1B; right panel), and were almost comparable to those in ZD mice after 7 weeks of initiation of
ZD diet (Figure 1B; left and right panels). These data suggest that dietary biotin deficiency (BnD) leads
to zinc deficiency (ZnD).

The body weight of BD mice was significantly lesser than that of BA mice after 5 weeks of initiation
of BD diet (Figure 1C). Moreover, the survival rate in BD mice was also significantly reduced in BD
mice compared with that in BA mice after 13 weeks of initiation of the BD diet (Figure 1D). Akin to ZD
mice, BD mice showed strong atrophy of fat tissues and an arrest in the hair cycle (Figure 1E). These
data suggest that dietary BnD-mediated ZnD affects skin homeostasis.

3.2. Dietary Biotin Deficiency Leads to the Development of ATP-Mediated Irritant Contact Dermatitis

We found that epidermal LCs (CD45+IA/IE+ cells) almost disappeared in BD mice (Figure 2A,B),
thereby resulting in increased ATP production from the ear skins in response to irritants (Figure 2C).
ACD was significantly impaired and ICD was significantly enhanced and prolonged in BD mice
(Figure 2D,E). There was a massive neutrophil infiltration in both dermis and epidermis of BD mice
compared to that in BA mice (Figure 2F; left panel). Histological examination of ICD lesions in
BD mice revealed parakeratosis and cytoplasmic pallor, sub-corneal vacuolization, and ballooning
degeneration of KCs (Figure 2F; right panel). These signs are histological features of cutaneous AE
lesions in humans [17], whereas no such degeneration of KCs was observed in the ICD lesions of
BA mice (Figure 2F; right panel). Several proteins are involved in the maintenance and survival
of epidermal LCs, including transforming growth factor (TGF)-β [18], interleukin (IL)-34 [19], bone
morphogenetic protein (BMP)-7 [20], integrin (ITG) αvβ6 [21], and ITGαvβ8 [22]. We examined if BnD
alters the mRNA expression of these molecules in KCs. The expression of TGF-β was significantly
downregulated in BD–KCs (Figure 2G). However, the expression of IL-34 was significantly upregulated
in BD–KCs (Figure 2G). Interestingly, the expression of ITGαvβ6, but not ITGαvβ8, was significantly
downregulated in BD–KCs.

4. Discussion

BnD causes abnormalities in the fatty acid composition of skin, such as accumulation of odd-chain
fatty acids and abnormal metabolism of long-chain polyunsaturated fatty acids [4,23,24]. In this study,
we found that dietary BnD leads to ZnD. However, the decline in the serum zinc levels in BD mice
was relatively slower than that in ZD mice [8]. Accordingly, although changes in terms of the body
weight and survival rate were similar to those observed in ZD mice, the kinetics in BD mice was slower
than that in ZD mice [8]. LCs were found to be almost absent in the epidermis of BD mice, thereby
leading to enhanced ATP production in skin, and similar findings were observed for ZD mice. This
aberrant ATP accumulation in the skin results in the recruitment of neutrophils [25] and development
of characteristic skin lesions in patients with ZnD and BnD. Indeed, decreased serum zinc levels have
been reported in some patients with BnD [26–28]. On the other hand, some studies have demonstrated
normal serum zinc levels in patients with BnD [29–31]. We speculate that this discrepancy might
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be attributable for the duration of BnD. Reduced serum biotin and zinc levels have been recently
reported in patients with male androgenetic alopecia, suggesting the close association between biotin
and zinc [32]. We investigated how dietary BnD led to ZnD but the precise mechanisms could not be
elucidated (data not shown). Further analysis is required for elucidating the underlying mechanisms.

Three groups of molecules hydrolyze ATP, namely, ENTPDs, ectonucleotide pyrophosphatase/
phosphodiesterases (ENPPs), and alkaline phosphatase (ALP) [33,34]. The latter two molecules
are zinc-dependent molecules. Among ENTPDs and ENPPs, ENTPD-1 (CD39), -2, -3, and -8 and
ENPP-1, -2, and -3 hydrolyze ATP [33]. LCs strongly express ENTPD-1 (CD39) and weakly express
ENTPD-2 and ENPP-1, -2, and -3. KCs weakly express CD39, ENTPD-2 and -3, and ENPP-1 and -2 [16].
Neither LCs nor KCs express ENTPD-8 or ALP. Therefore, although LCs strongly express CD39, other
ATP-hydrolyzing molecules are weakly expressed in both LCs and KCs. LCs occupy approximately
3% of the epidermis, whereas KCs occupy approximately 97%. Regardless of this numeric difference
between LCs and KCs in the epidermis, LCs perform approximately 80% of epidermal ATP hydrolysis,
whereas KCs perform the remaining 20% [16]. Additionally, ZnD impairs the activity of ENPPs [35].
KCs weakly express ENPP-1 and ENPP-2. This explains one underlying mechanism by which ZD–KCs
and BD–KCs show increased ATP production.

Both ZnD and BnD result in disappearance of epidermal LCs. TGF-β knock out (KO) mice,
Langerin-Cre TGF-β1fl/fl mice, Langerin-Cre TGF-βRIfl/fl mice, and Langerin-Cre TGF-βRIIfl/fl mice
lack epidermal LCs [36], suggesting that although TGF-β is produced by both LCs and KCs, LC-derived
autocrine and/or paracrine TGF-β is critical for LC development and survival. TGF-β is secreted as an
inactive latency-associated peptide (LAP)-TGF-β. LAP-TGF-β is processed by integrin (ITG) αvβ6
and/or αvβ8 expressed on KCs but not on LCs, which convert LAP-TGF-β into active TGF-β [36,37].
Thus, ITGαvβ6 or αvβ8 KO mice show substantially reduced number of epidermal LCs [21,22]. In
BD–KCs, the mRNA expression levels of TGF-β and ITGαvβ6 were significantly downregulated.
As described above, LC-derived, but not KC-derived, TGF-β is critical for LC homeostasis. In this
respect, it is unclear how much downregulated TGF-β mRNA expression in BD–KCs is involved in
disappearance of epidermal LCs. On the other hand, LAP-TGF-β produced by LCs is not processed
into active TGF-β, because of downregulated ITGαvβ6 expression in BD–KCs. This may be one of
underlying mechanisms for the loss of epidermal LCs in BD mice.

5. Conclusions

In this study, we found that dietary BnD led to ZnD. BD mice lost epidermal LCs possibly due to
impaired ITGαvβ6 expression in KCs, as seen in ZD mice. This resulted in ATP accumulation in the
epidermis, thereby leading to the development of ATP-mediated ICD lesions in the skin. We concluded
that the characteristic skin lesions in patients with AE and BnD have common underlying mechanisms,
and biotin is required for zinc homeostasis in the skin.
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Abstract: Improving the nutritional quality of Fe in maize (Zea mays) represents a biofortification
strategy to alleviate iron deficiency anemia. Therefore, the present study measured iron content and
bioavailability via an established bioassay to characterize Fe quality in parts of the maize kernel.
Comparisons of six different varieties of maize demonstrated that the germ fraction is a strong
inhibitory component of Fe bioavailability. The germ fraction can contain 27–54% of the total kernel
Fe, which is poorly available. In the absence of the germ, Fe in the non-germ components can be
highly bioavailable. More specifically, increasing Fe concentration in the non-germ fraction resulted
in more bioavailable Fe. Comparison of wet-milled fractions of a commercial maize variety and
degerminated corn meal products also demonstrated the inhibitory effect of the germ fraction on Fe
bioavailability. When compared to beans (Phaseolus vulgaris) containing approximately five times
the concentration of Fe, degerminated maize provided more absorbable Fe, indicating substantially
higher fractional bioavailability. Overall, the results indicate that degerminated maize may be a better
source of Fe than whole maize and some other crops. Increased non-germ Fe density with a weaker
inhibitory effect of the germ fraction are desirable qualities to identify and breed for in maize.

Keywords: maize; iron; bioavailability; germ; Caco-2; in vitro digestion; bioassay; biofortification

1. Introduction

Biofortification was a term officially coined in 2001 and became a formal strategy for nutritional
enhancement of staple crops around 2003. It was at this time that the organization known as HarvestPlus
was formed and headquartered at the International Food Policy Research Institute in Washington, DC.
Biofortification has its early roots in the United States Department of Agriculture (USDA) research
program at centers such as the Plant, Soil and Nutrition Lab in Ithaca, NY (now known as the Robert
Holley Center for Agriculture and Health), and in various CGIAR (Consultative Group for International
Agricultural Research) Centers worldwide (harvestplus.org). The biofortification research objective is
simply to improve human health via enhancement of the nutritional content in staple food crops of the
micronutrients vitamin A, zinc (Zn), and iron (Fe). These three micronutrients represent the majority
of the “hidden hunger” affecting approximately two billion people worldwide.

Maize (Zea mays) is the cereal crop with the highest production worldwide, consistently ranking
third or higher as a staple food behind wheat and rice [1]. Biofortification of maize therefore has
the potential to have a major impact on human health. Maize biofortifcation efforts have focused
primarily on increasing Vitamin A content, with significant advances evidenced by release of enhanced
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varieties in Nigeria and Zambia [2]. In contrast to Vitamin A, iron biofortification of maize has been
explored with limited success using in vitro (Caco-2 cell bioassay) and in vivo (poultry) models for
Fe bioavailability [3]. In vitro studies of tropical maize varieties from Nigeria documented relatively
small varietal differences in Fe and Zn content, and in Fe bioavailability [4–6]. Although some varieties
were identified as promising, they were not pursued further. Additional in vitro studies on lines of
superior hybrids from the International Maize and Wheat Improvement Center (CYMMYT) were also
conducted [7]. Overall, this study of CYMMT lines was encouraging as it demonstrated that breeding
for Fe bioavailability and Fe concentration were distinct and largely unrelated traits; however, the
environmental effects were large for both traits, and no follow-up studies were conducted.

Subsequent studies using the combination of Caco-2 cell bioassay and the poultry model developed
maize varieties with high Fe bioavailability [8]. This research utilized the Caco-2 cell bioassay to
guide identification of quantitative trait loci (QTL) in an established recombinant inbred population,
essentially identifying genetic regions important to Fe concentration and Fe bioavailability. Animal
feeding trials confirmed the in vitro approach to marker-assisted breeding, demonstrating that Fe
bioavailability of maize could be highly enhanced, and that such varieties can be produced in large
quantity [9]. However, in a subsequent retraction note [10], the authors point out that the in vitro and
in vivo results of that work were indeed valid, and that these lines clearly demonstrated enhanced Fe
bioavailability. Retraction of the paper was because the genotypes were not isogenic and homozygous
for the genetic regions as originally described. Due to this research setback, regeneration of the
enhanced lines has not yet occurred.

It should be noted that in the previously mentioned study, the enhanced lines were equal in Fe
content to the controls [9]. Furthermore, the scientists were unable to find specific compounds, such as
polyphenolics or lower phytate, in one variety that could explain the difference in bioavailability. Thus,
there appears to be some other factor(s) that influences the Fe bioavailability from maize.

The present study therefore seeks to address gaps in knowledge related to Fe concentration
and bioavailability in the maize kernel, as such information could shed light on a strategy for Fe
biofortification of maize. Two key observations contributed to the design of the present study. First,
it is a common observation that diversity populations of maize exhibit significant differences in the
amount of floury and horny endosperm present in the seed. Second, a thorough review of the literature
also shows that very little has been published on the concentration and relative amounts of Fe in the
various parts of the maize kernel; and, there are no reports of Fe bioavailability from the individual
components of the maize kernel. Therefore, the objectives of the present study were to determine the
relative concentration and bioavailability of Fe in the germ and non-germ fraction of the maize kernel,
and to investigate the Fe concentration and bioavailability of fractions generated during commercial
wet-milling of maize.

2. Materials and Methods

2.1. Chemicals, Enzymes, and Hormones

All chemicals, enzymes, and hormones were purchased from Sigma Chemical Co. (St. Louis, MO,
USA) unless stated otherwise.

2.2. Sample Source and Preparation

A 500 g sample of a commercial maize variety (Pioneer 3245, Iowa State University, Ames, IA,
USA) was subjected to a wet-milling process at the Center for Crops Utilization Research, Iowa State
University, Ames, Iowa. The diagram presented in Figure 1 illustrates the wet-milling procedure and
where fractions were extracted.

98



Nutrients 2019, 11, 833

Figure 1. Diagram of the wet-milling process used in the present study. Image courtesy of Mr. Steven
Fox, Center for Crops Utilization Research, Iowa State University, Ames, IA.

In 2014, a set of five maize inbred lines (B73, CML333, Ki3, M37W, Tx303) ranging from dent to flint
kernel types was evaluated at Cornell University’s Musgrave Research Farm in Aurora, NY. These five
inbred lines were selected to span a range of whole-kernel Fe concentrations (Gore, unpublished data).
Conventional maize cultivation practices for the northeastern United States were used. Self-pollinated
ears were hand-harvested at physiological maturity and dried with forced air to 10–15% kernel moisture.
The dried ears of each plot were manually shelled and bulked to form a representative sample from
which 100 kernels were randomly selected. Whole kernels of the Pioneer 3245 were also obtained
from the Iowa facility. For all six varieties mentioned above, a scalpel was used to remove the tip
cap from each kernel, followed by a center longitudinal excision, followed by excision of the germ
tissue. This was done for each kernel in the sample. The germ and the non-germ fractions (which
included the aleurone and pericarp) were weighed for subsequent calculations related to content.
As shown in Figure 2, the samples exhibited diversity in kernel size, floury endosperm, and horny
endosperm composition.

Maize samples purchased in a local supermarket included the following: “Organic Cornmeal”,
which is an unfortified ground whole kernel maize flour (19 μg Fe/g); a fortified whole kernel maize
flour (65 μg Fe/g); and a degerminated fortified maize flour (44 μg Fe/g). According to the package
labels, these products were fortified with “reduced Fe”.

Unfortified whole grain wheat flour (37 μg Fe/g) and an unfortified 80% extraction wheat flour
(9 μg Fe/g) were also purchased at a local supermarket.
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Figure 2. Images of maize kernels analyzed in the present study. Note that some kernels are split
longitudinally to expose visual differences between varieties.

For comparison of Fe bioavailability, two commercial white bean samples and one red mottled
bean were included in the study. The white beans were Merlin Navy beans and the red mottled variety
were PR0737-1. The beans samples were grown in research plots in Montcalm, Michigan in the summer
of 2015. The dry weight Fe concentrations of the beans were 76, 82, and 89 μg Fe/g, for the white bean
1, white bean 2, and red mottled bean, respectively.

Due to the small sample sizes available for six varieties of maize, all maize samples were not
cooked in this study. The bean samples were cooked by autoclave for 15 min in a 3:1 volume of
water:bean, then freeze-dried and ground into powder with a common coffee grinder.

2.3. Mineral Analysis

Dried, ground food samples (0.5 g) were treated with 3.0 mL of a 60:40 HNO3 and HClO4 mixture
in a Pyrex glass tube and left overnight to destroy organic matter. The mixture was then heated to 120 ◦C
for two hours, and 0.25 mL of 40 μg/g Yttrium was added as an internal standard to compensate for
any drift during the subsequent inductively coupled plasma atomic emission spectrometer (ICP-AES)
analysis. The model of the ICP used was a Thermo iCAP 6500 series (Thermo Jarrell Ash Corp.,
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Franklin, MA, USA). The temperature of the heating block was then raised to 145 ◦C for 2 h. If necessary,
more nitric acid (1–2 mL) was added to destroy the brownish color of the organic matter. Then, the
temperature of the heating block raised to 190 ◦C for ten minutes and turned off. The cooled samples in
the tubes were then diluted to 20 mL, vortexed, and transferred onto auto sampler tubes to be analyzed
via ICP-AES.

2.4. In Vitro Digestion

The in vitro digestion protocol was conducted as per an established, highly validated, in vitro
digestion model [11,12]. Briefly, exactly 1 g of each sample was used for each sample digestion. To
initiate the gastric phase of digestion, 10 mL of fresh saline solution (0.9% sodium chloride) was added
to each sample and mixed. The pH was then adjusted to 2.0 with 1.0mol/L HCl, and 0.5 mL of the
pepsin solution (containing 1 g pepsin per 50 mL; certified >250 U per mg protein; Sigma #P7000,
St. Louis, MO, USA) was added to each mixture. The mixtures were under gastric digestion for 1 h at
37 ◦C on a rocking platform (model RP-50, Laboratory Instrument, Rockville, MD, USA) located in
an incubator. After 1 h of gastric digestion, the pH of the sample mixture was raised to 5.5–6.0 with
1.0 mol/L of NaHCO3 solution. Then, 2.5 mL of the pancreatin–bile extract solution was added to each
mixture. The pancreatin–bile extract solution contained 0.35 g pancreatin (Sigma #P1750, St. Louis,
MO, USA) and 2.1 g bile extract (Sigma #B8631, St. Louis, MO, USA) in a total volume of 245 mL. The
pH of the mixture was then adjusted to approximately 7.0, and the final volume of each mixture was
adjusted to 15.0 mL by weight using a salt solution of 140 mmol/L of NaCl and 5.0 mmol/L of KCl
at pH 6.7. At this point, the mixture was referred to as a “digest”. The samples were then incubated
for an additional two hours at 37 ◦C, at which point the digests were centrifuged, and supernatants
and pellet fractions collected and transferred to tubes for analysis. Three independent replications of
the in vitro digestion procedure were carried out for all of the food samples. For some samples, as
noted in the specific results section, Fe bioavailability was assessed in both the presence and absence
of ascorbic acid (AA). The AA was added to the digests at the start of the gastric digestion phase at
a concentration of 10 μmol/L. This treatment has been shown to expose some additional differences
between samples and thus provides further information on the matrix of the digest.

2.5. Statistical Analysis

Data were analyzed using the software package GraphPad Prism 8 (GraphPad Software, San
Diego, CA, USA). Data were analyzed using analysis of variance incorporating normalization of
variance, if needed, and Tukey’s post test to determine significant differences (p < 0.05) between
groups. Unless noted otherwise, values are expressed as mean ± standard deviation (SD); n = 3
independent replications.

3. Results

3.1. Maize Fe Concentration and Fe Bioavailability

Iron concentration in the maize samples ranged from 12.5 to 30.8 μg/g in the whole kernels
(Table 1). The germ fractions contained the highest density of Fe, ranging from 51.0 to 141.3 μg/g. Iron
concentration in the non-germ component ranged from 7.4 to 18.9 μg/g. It is notable that the three
varieties, M37W, Ki3, and CML333, demonstrating the highest Fe bioavailability also had the highest
non-germ Fe concentrations: 15.9–18.9 μg/g (Figure 3). The other three varieties exhibited non-germ Fe
concentrations of 7.4–10.4 μg/g and thus exhibited lower Fe bioavailability.
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Table 1. Iron and phosphorous 1 concentration in the germ and non-germ (endosperm + pericarp)
fractions of maize varieties. Percent values represent percent of total in whole kernel sample.

Maize
Variety

Whole
Seed Fe
(μg/g)

Germ
Fe

(μg/g)

Germ
Fe %

Non
Germ Fe

(μg/g)

Non
Germ
Fe %

Whole
Seed P
(mg/g)

Germ
P

(mg/g)

Germ
P %

Non
Germ P
(mg/g)

Non
Germ
P %

B73 20.6 126.4 54.1 10.4 45.9 2.96 20.8 61.8 1.24 38.2
M37W 20.2 71.0 27.5 15.9 72.5 3.06 22.2 56.7 1.44 43.3

Ki3 21.8 51.0 27.4 17.9 72.6 3.43 16.2 55.4 1.73 44.6
CML333 30.8 141.3 44.7 18.9 55.3 3.38 22.5 64.8 1.32 35.2

Tx303 12.5 61.4 46.3 7.4 53.7 3.16 20.8 62.1 1.33 37.9
Pioneer

3245 13.4 75.8 49.2 7.5 50.8 2.04 14.4 61.4 0.87 38.6

1 Phosphorous was used as an indirect estimate of phytic acid content as insufficient material was available to
directly measure phytic acid.

Figure 3. Iron bioavailability from manually dissected maize samples as measured via Caco-2 cell
bioassay (cell ferritin formation equals Fe uptake). Numbers on top of the bar values represent Fe
concentrations (μg/g) of samples. Bar values within variety with no letter in common are significantly
different (p < 0.05). Bar values are mean ± SD, n = 3. Dashed red line indicates Caco-2 cell baseline
ferritin level when exposed only to the in vitro digest solutions without food samples.

The manual dissection of the germ fraction from the maize demonstrated that the germ has the
highest density of Fe in the seed, ranging from 51 to 141 μg/g, and accounting for 27–54% of the total
Fe (Table 1). The non-germ portion of the kernels from each variety was of lesser Fe density, ranging
from 7 to 19 μg/g, and accounting for 46–73% of the total Fe in the seed.

Iron bioavailability from the germ fractions was low for all varieties despite having high Fe
concentrations (Figure 3). Despite being significantly lower in Fe content, the non-germ fractions
exhibited similar or greater Fe bioavailability than the whole kernel samples; and except for two
varieties, M37W and Tx303, the non-germ fractions were higher than the germ fractions.

3.2. Kernel Size

Kernel size was substantially different among the varieties but was not measured in this study;
however, the average germ fraction by weight was 9.4%, ranging from 7.8 to 11.7% across the six
samples. The commercial line, Pioneer 3245, was clearly the largest in terms of kernel size, with a
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substantial portion of the kernel comprised of floury endosperm. In contrast, the CML333 and Ki3
samples were smaller kernels, with lesser amounts of floury endosperm (Figure 2).

3.3. Maize Phosphorous Concentration

Due to limited amounts of material, kernel phosphorous levels were used as an indirect estimate
of phytic acid levels. The results clearly show that P was more concentrated in the germ fraction of
all varieties. Phosphorous density was highest in the germ fraction ranging from 14 to 23 mg/g, and
accounting for 55–65% of the total seed P (Table 1). The non-germ fraction of the kernel was less dense
in P, ranging from 0.9 to 1.7 mg/g, and accounting for 35–45% of the total seed P.

3.4. Wet-Milled Fractions of Maize

Commercial milling of the Pioneer 3245 variety resulted in the gluten fraction containing the
highest Fe bioavailability (Figure 4). The germ fraction was the highest in Fe concentration but
significantly lower in bioavailable Fe relative to the gluten fraction. Compared to the hand dissected
germ fraction of the Pioneer 3245 variety, it appears that the milled germ fraction was less pure relative
to the dissected germ fraction. The Fe in the fiber fractions and the pericarp were poorly available as
indicated by ferritin values similar to the cell baseline, which indicates no net increase in Fe uptake as
a result of exposure to the in vitro digest. The starch fraction contained only trace levels of Fe (2 μg/g).
The steep liquor contained only 4 μg/g and yet exhibited a noticeable increase in ferritin above the cell
baseline, indicating that this small amount of Fe could be highly available.

Figure 4. Iron bioavailability from the Pioneer 3245 maize samples that were manually dissected versus
wet-milled fractions from a 500 g sample. Caco-2 cell ferritin values represent relative Fe bioavailability
as cell ferritin formation is proportional to Fe uptake. Numbers on top of bar values represent Fe
concentrations (μg/g) of samples. Bar values within manually dissected or commercial fractions with
no letter in common are significantly different (p < 0.05). Bar values are mean ± SD, n = 3. Dashed
red line indicates Caco-2 cell baseline ferritin level when exposed only to the in vitro digest solutions
without food samples.

Iron and P analysis of the wet-milled Pioneer 3245 fractions showed that 29.3% of the total Fe
was in the gluten fraction, followed by the germ fraction with 16.8% (Table 2). The concentration of
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Fe in the germ fraction (58.2 μg/g) was higher than that of the gluten fraction (42 μg/g); however, the
P concentration in the gluten fraction was substantially less than that of the germ fraction, which
contained seven times more P. This suggests that the phytate:Fe molar ratio was significantly less in
the gluten fraction and thus may explain the relatively high Fe bioavailability of the gluten fraction.

Table 2. Iron and phosphorous concentration and amounts in the various fractions from the wet-milling
process of the Pioneer 3245 variety 1.

Fraction
Dry

Weight (g)
Percent of Total

Solids Recovered
Fe Concentration

(μg/g)
Percent of
Total Fe

P Concentration
(μg/g)

Percent of
Total P

Fine Fiber 42.8 9.3 22.6 12.6 686 2.7
Coarse Fiber 27.5 6.0 33.7 12.1 698 1.8

Gluten 53.6 11.6 42.0 29.3 2060 10.2
Pericarp 15.9 3.4 20.9 4.3 234 0.3
Starch 255.2 55.4 2.3 7.6 271 6.4
Germ 22.1 4.8 58.2 16.8 14401 29.5

Steep Liquor — — 4.2 * — 938 ** —
1 A 500 g sample of maize was milled. Recovered total solids (dry weight) were 461 g. Fe concentration of whole
kernel sample was 15.4 μg/g. P concentration in whole grain sample was 2159 μg/g. * μg/mL. ** μg/g.

3.5. Comparison of Supermarket Samples vs. Degerminated Maize

Of the cornmeal products purchased in the local supermarket, two were fortified with Fe (Figure 5).
Comparison of these samples indicated that the absence of the germ fraction improved Fe bioavailability
from the fortified cornmeal. The unfortified whole wheat sample was lower in bioavailable Fe relative
to the maize samples, and also lower relative to the 80% extracted wheat flour.

Figure 5. Iron bioavailability from the cornmeal and wheat flours purchased at a local supermarket.
Caco-2 cell ferritin values represent relative Fe bioavailability as cell ferritin formation is proportional
to Fe uptake. Numbers on top of bar values represent Fe concentrations (μg/g) of samples. Bar values
with no letter in common are significantly different (p < 0.05). Bar values are mean ± SD, n = 3. Dashed
red line indicates Caco-2 cell baseline ferritin level when exposed only to the in vitro digest solutions
without food samples. A bar value below the baseline indicates strong inhibitory factors that negate
the bioavailability of ultra-low background Fe present in the digest solutions.
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A direct comparison of Fe bioavailability of white beans, red-mottled beans, and degerminated
maize samples is shown in Figure 6. These samples were compared on an equal dry weight basis (0.5 g
sample per replicate) in the same run of the bioassay. Relative to the beans, more Fe was taken up by
the Caco-2 cells from the degerminated maize samples versus the beans. This occurred despite the
fact that the bean samples contained approximately 80% more Fe than the maize. This observation
indicated greater fractional bioavailability of the Fe in the maize samples relative to the beans.

Figure 6. Iron bioavailability from white bean, red bean, and degerminated maize samples. Caco-2
cell ferritin values represent relative Fe bioavailability as cell ferritin formation is proportional to Fe
uptake. Numbers on top of bar values represent Fe concentrations (μg/g) of samples. Bar values with
no letter in common are significantly different (p < 0.05). Bar values are mean ± SD, n = 3. Dashed
red line indicates Caco-2 cell baseline ferritin level when exposed only to the in vitro digest solutions
without food samples. A bar value below the baseline indicates strong inhibitory factors that negate
the bioavailability of ultra-low background Fe present in the digest solutions.

4. Discussion

The present study clearly shows that the Fe in the germ fraction of maize is very low in
bioavailability (Figure 3). This was evident by the observation that the Caco-2 cell ferritin formation
(i.e., the measure of Fe uptake) from the germ fraction of all six varieties was essentially equal to the
baseline ferritin of the cells, despite having Fe concentration of 51–126 μg/g. In addition, the germ
fraction appears to inhibit Fe bioavailability from the rest of the kernel. This effect was also evident
in all six of the maize varieties analyzed, as Caco-2 cell ferritin formation from the degerminated
kernel was either equal to or greater than that of the whole kernel, despite a decrease in Fe content by
approximately 20–50% (Figure 3).

Iron bioavailability and Fe content analyses of the commercially wet-milled fractions of the Pioneer
3245 variety also demonstrated that the Fe of the germ fraction was poorly available (Figure 4; Table 2).
However, in this experiment, the ferritin formation value for the “germ meal” fraction indicated that
more bioavailable Fe was present. Given that the germ meal fraction was lower in Fe concentration
relative to the hand-dissected fraction (58 vs. 76 μg/g, respectively), it would reasonably suggest that
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the wet-milled germ fraction was not as pure in germ composition as the manually excised germ tissue.
Alternatively, the wet-milling process may alter the Fe bioavailability, perhaps through dilution in
the wet-milling or loss of phytate via endogenous phytase activity during processing. Interestingly,
the “gluten” fraction demonstrated the highest Fe bioavailability with an Fe concentration of 42 μg/g.
The gluten fraction was also significantly lower in P concentration relative to the germ meal fraction,
suggesting the phytate:Fe molar ratio was significantly less in the gluten fraction and thus contributing
to the higher Fe bioavailability. Not surprisingly, the fiber fractions and the pericarp were of low Fe
bioavailability despite Fe concentrations of 23–34 μg/g. In contrast, the “steepwater” fraction with an
Fe concentration of only 4 μg/g yielded a ferritin formation value equal to or greater than that of the
pericarp and fiber fractions. Polyphenol analysis of the steepwater was inconclusive as no polyphenols
known to promote or inhibit Fe uptake were detected.

Until the present study, very little information was available on the distribution of Fe in maize,
and there appears to be no reports of the relative Fe bioavailability between maize fractions. The
present study clearly shows in this small set of samples that the germ tissue Fe content can vary
substantially, ranging in this study from 27 to 54% of the total kernel Fe; thus, the non-germ fraction
can have between 46 to 73% of the total kernel Fe. This relative Fe content suggests that breeding for
higher non-germ Fe content may be possible; however, the question remains as to whether or not such
an increase could overcome the inhibitory effect of the germ fraction. Such concern is particularly
relevant to populations that consume maize as a major dietary staple, where Fe deficiency is prevalent.
A broader set of diverse maize samples should clearly be evaluated to address the feasibility of these
potential breeding objectives.

The present study clearly indicates that degermed maize and degermed maize products found in
the marketplace can provide more absorbable Fe than crops such as beans or wheat, even though these
crops have substantially more Fe (Figures 5 and 6). It is important to keep in mind that this Caco-2
bioassay gives a relative measure of the amount of Fe absorbed from the amount of sample provided.
Therefore, the results indicate that relative to the bean and wheat samples used in the present study,
the degermed maize was a better source of Fe, exhibiting a higher fractional Fe bioavailability and
delivering more Fe to the enterocytes. Such observations suggest that Fe biofortification of maize could
have a more profound impact relative to beans and wheat on improving Fe status of populations prone
to Fe deficiency.

Milling of maize to remove the germ fraction and thus potentially promote Fe absorption in at risk
populations may not be a viable or affordable option on a large scale. Indeed, many regions of Africa
and Latin America are challenged by having enough maize that is uncontaminated by mycotoxins [13].
However, it is likely that in some regions or for some food applications such as infant complementary
foods, a degerminated maize product could be produced, or is already being produced, that would be
acceptable to consumers. For that reason alone, further research on the application of degermed maize
to improve Fe nutrition is warranted. Animal and or human studies should be conducted to confirm
this in vitro observation. If this effect is demonstrated in vivo, then it is clearly an intervention that
could be deployed immediately to improve Fe nutrition of maize-based foods.

Iron biofortification research has primarily focused on crops that have been shown to be relatively
high in iron and demonstrate a genetic diversity for Fe content [14]. For example, common beans have
been shown to have diversity in Fe content, ranging from 50 to 100 μg/g [15,16], and pearl millet has
shown a range of 30–80 μg/g [17]. Improvement in Fe status following prolonged consumption has
been demonstrated in humans and in an animal model when the Fe concentration in the common
bean or pearl millet has been compared at these extreme levels [18–20]. There is also evidence in a
poultry model, where a lesser difference in the Fe concentration in beans, 50 vs. 71 μg/g, can have
significant benefit [21]. It should be noted that the key assumptions of this approach is that increased
Fe concentration and content can deliver additional absorbable Fe within the overall diet, and that
such increases in Fe are primarily genetic and can be stable traits.
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In contrast to beans, maize has not been extensively pursued for Fe biofortification, possibly
because the Fe concentration is approximately 60% lower, and because there is a general perception
that Fe bioavailability in maize is very low [14,22]. The low Fe bioavailability is believed to be primarily
due to phytic acid, as polyphenols known to influence Fe bioavailability have not been identified
as a factor in yellow or white maize varieties (R.P. Glahn, unpublished observations) [23]. Colored
varieties of maize certainly have substantial amounts of polyphenols, but these have not been evaluated
for Fe bioavailability or polyphenol profiles. Mutant varieties of maize with low phytic acid levels
have been developed, but appear to have limited application, primarily due to reduced seedling
viability [24]. A transgenic strategy to enhance the nutritional quality of Fe in low phytate maize, the
overexpression of soybean ferritin in the endosperm, has been explored and appears to enhance the
amount of absorbable Fe [25]. However, a search of the literature finds no additional research on this
approach, nor on any large-scale production of low-phytate maize, suggesting that for maize, this
approach has been abandoned.

To date, Fe biofortification of staple food crops has focused primarily on crops such as beans
and pearl millet, as these crops demonstrate a diversity in range with relatively high Fe content. The
assumption in focusing on these crops is that more Fe content should result in delivering more Fe
for absorption, and that the Fe content is a genetically tractable trait. In addition, such assumptions
require that sufficient bioavailability accompanies the added Fe. The results of the present study
clearly suggest an alternative approach to Fe biofortification. More precisely, this study suggests that
focusing on identifying the foods and food matrices that result in more Fe may be a more effective
and efficient approach. Even though this study presents only in vitro data, it should be noted that the
Caco-2 bioassay correctly predicted the beneficial effects of high Fe carioca beans and high Fe pearl
millet in human efficacy trials [12]. The Caco-2 cell ferritin values for those crops were much lower on
a relative scale than those of the degermed maize samples analyzed in this study. Granted, there are
additional nutritional reasons for consuming crops such as beans; however, for many populations,
food choices are limited, and to alleviate iron deficiency anemia, all strategies should be considered to
improve the nutritional quality of Fe in the food system.

The present study is also evidence that this model is capable of identifying new factors and
obstacles to improving Fe quality in staple foods. For example, this model has shown that the cotyledon
cell wall of beans represents a significant barrier to the bioaccessibility of Fe in the bean cotyledon [26].
Moreover, it has shown that such obstacles can be overcome by processing or possibly by breeding for
faster cooking, a tractable trait that is likely related to cell wall structure and linked to improved Fe
bioavailability [27]. This model has also identified seed coat polyphenols, and thus color classes of
beans that may be better sources of Fe nutrition [28,29]. In vitro observations should always be viewed
with a healthy dose of skepticism; however, as stated previously, this model has correctly predicted
numerous in vivo results of Fe biofortified crops. Most recently, this model predicted key interactions
between carioca beans and the “food basket” of a common Brazilian diet [30]. Therefore, the in vitro
observations from the application of this in vitro approach are now highly accepted as a tool to assess
specific foods and diets and to guide plant breeding for enhanced Fe quality.

In summary, by identifying the germ fraction of maize as a significant inhibitor of Fe bioavailability
from this crop, and proposing the strategy of increasing the non-germ, mostly endosperm Fe content, an
additional breeding strategy is thus exposed to enhance the nutritional quality of maize. It should also
be noted that the present study focused only on removing the germ fraction and noted the enhancing
effects of removal of the germ fraction. It may be possible to use this approach to identify a germ
fraction trait that may be less inhibitory, and thus complement the strategy of increasing Fe content in
the non-germ fraction. It is also highly likely that such varieties may already be available in commercial
production, and simply need to be identified. Given the broad consumption of maize and the high
incidence of Fe deficiency anemia in resource-poor populations, a successful application of the above
could have profound effect on human health.
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Abstract: Iron deficiency is a major public health problem worldwide, with the highest burden
among children. The objective of this randomized efficacy feeding trial was to determine the effects
of consuming iron-biofortified beans (Fe-Beans) on the iron status in children, compared to control
beans (Control-Beans). A cluster-randomized trial of biofortified beans (Phaseolus vulgaris L.), bred
to enhance iron content, was conducted over 6 months. The participants were school-aged children
(n = 574; 5–12 years), attending 20 rural public boarding schools in the Mexican state of Oaxaca.
Double-blind randomization was conducted at the school level; 20 schools were randomized to receive
either Fe-Beans (n = 10 schools, n = 304 students) or Control-Beans (n = 10 schools, n = 366 students).
School administrators, children, and research and laboratory staff were blinded to the intervention
group. Iron status (hemoglobin (Hb), serum ferritin (SF), soluble transferrin receptor (sTfR), total
body iron (TBI), inflammatory biomarkers C-reactive protein (CRP) and α-1-acid glycoprotein (AGP)),
and anthropometric indices for individuals were evaluated at the enrollment and at the end of the trial.
The hemoglobin concentrations were adjusted for altitude, and anemia was defined in accordance
with age-specific World Health Organization (WHO) criteria (i.e., Hb <115 g/L for <12 years and
Hb <120 g/L for ≥12 years). Serum ferritin concentrations were adjusted for inflammation using
BRINDA methods, and iron deficiency was defined as serum ferritin at less than 15.0 μg/L. Total
body iron was calculated using Cook’s equation. Mixed models were used to examine the effects
of Fe-Beans on hematological outcomes, compared to Control-Beans, adjusting for the baseline
indicator, with school as a random effect. An analysis was conducted in 10 schools (n = 269
students) in the Fe-Beans group and in 10 schools (n = 305 students) in the Control-Beans group
that completed the follow-up. At baseline, 17.8% of the children were anemic and 11.3% were iron
deficient (15.9%, BRINDA-adjusted). A total of 6.3% of children had elevated CRP (>5.0 mg/L),
and 11.6% had elevated AGP (>1.0 g/L) concentrations at baseline. During the 104 days when
feeding was monitored, the total mean individual iron intake from the study beans (Fe-bean group)
was 504 mg (IQR: 352, 616) over 68 mean feeding days, and 295 mg (IQR: 197, 341) over 67 mean
feeding days in the control group (p < 0.01). During the cluster-randomized efficacy trial, indicators
of iron status, including hemoglobin, serum ferritin, soluble transferrin receptor, and total body
iron concentrations improved from the baseline to endline (6 months) in both the intervention
and control groups. However, Fe-Beans did not significantly improve the iron status indicators,
compared to Control-Beans. Similarly, there were no significant effects of Fe-Beans on dichotomous
outcomes, including anemia and iron deficiency, compared to Control-Beans. In this 6-month
cluster-randomized efficacy trial of iron-biofortified beans in school children in Mexico, indicators of
iron status improved in both the intervention and control groups. However, there were no significant
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effects of Fe-Beans on iron biomarkers, compared to Control-Beans. This trial was registered at
clinicaltrials.gov as NCT03835377.

Keywords: iron; anemia; biofortification; beans; children; Mexico; international nutrition

1. Introduction

Global estimates regarding the prevalence of anemia in school-aged children, defined by the
World Health Organization as hemoglobin (Hb) <115 g/L for children younger than 12 years and
<120 g/L for children 12 years and older [1], range between 25% and 46% [2,3]. Iron deficiency,
the most common global micronutrient deficiency [4,5], is the leading cause of anemia, accounting for
approximately 25–37% [6] to 50% [7] of anemia cases.

The estimated average requirement for iron in school-aged children is 4.1 for ≤12 y and 5.9 mg
for >12 years per day [8,9]. In addition to an inadequate intake of iron and low bioavailability of
iron, other nutritional factors, such as vitamin B12 and folate, and non-nutritional factors such as
inflammation also contribute to the etiology of anemia and impact human health [10,11]. In Mexico,
the national nutrition and health survey (2006) reported a prevalence of anemia of 16.6% [12] and
iron deficiency of 17.6% (serum ferritin <12.0 μg/L), demonstrating a considerable health risk for
children [13]. Other causes of anemia in children identified in this population in Mexico included
folate deficiency and vitamin A deficiency [12].

Interventions, including micronutrient supplementation and food fortification, have improved the
iron status and reduced the prevalence of anemia in some settings. However, iron deficiency remains
an urgent public health problem and threat to child health and development. Young children are at a
particularly high risk due to rapid growth, inadequate dietary intake, and a high risk of infection in
resource-limited settings [14]. Iron deficiency has been associated with impaired cognitive function in
children and long-term impairments in physical work capacity in adulthood [15–17].

One novel approach to reducing micronutrient malnutrition is to enhance the nutrient quality of
the diet through the biofortification of staple crops that are already locally accepted and consumed [18].
Consequently, biofortification has been recognized by the Copenhagen Consensus of 2008 as one of
the top five solutions to current global health and nutrition challenges [19]. The success and challenges
of biofortification have been previously documented [20,21]. We recently reviewed the published
evidence from the three randomized efficacy trials of different iron-biofortified crops, including rice
in adult Filipino women [22], pearl millet in school-aged children in India [23], and beans in women
of reproductive age in Rwanda [24]. The findings demonstrated improvements in serum ferritin
concentrations and total body iron concentrations, with an additional potential to benefit individuals
who were iron deficient at the baseline [25]. Given this limited evidence and with no studies from
Latin America, more studies with diverse populations and locally relevant crops are warranted before
the implementation of a potentially important public health intervention.

In order to target at-risk populations in Latin America, the Centro Internacional de Agricultura
Tropical (CIAT) in Colombia bred and biofortified a common black bean variety (Phaseolus vulgaris L.),
the standard black bean currently consumed widely in Central America and Mexico. In Mexico, in 2006,
beans were ranked highly among the most consumed foods by school-aged children nationwide,
according to Encuesta Nacional de Salud y Nutrición, a nationally representative nutrition survey [26].
Biofortification has nearly doubled the iron concentration (~100 versus ~50 mg/kg) of the standard
bean variety. We hypothesized that the daily consumption of iron-biofortified beans (Fe-Beans) would
improve hemoglobin, serum ferritin, and total body iron in 6 months, compared to control beans
(Control-Beans). In order to examine this hypothesis, we conducted the first randomized efficacy trial
of iron-biofortified beans and iron status in primary school-aged children from a low-income setting in
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Mexico. Special consideration was applied to assess indicators of iron status with and without anemia
and consider the potential impact of inflammatory markers on iron status.

2. Materials and Methods

2.1. Study Population

This study was conducted in boarding schools for children aged 5–12 years between January
and June 2010, in the state of Oaxaca, Mexico. In this rural setting, many low-resource children
between 5 and 12 years of age (predominantly indigenous Mixe speakers) reside at boarding schools
(albergues escolares) for 5 days per week; they receive 3 meals per day, prepared in common kitchens
with fixed daily menus, and the meals are consumed in communal dining rooms. The schools in this
setting were selected based on their students’ high risk of iron deficiency, willingness to participate,
and regular consumption of black beans typical to rural Mexico. Specifically, the inclusion criteria were:
boarding schools for children (5–12 years), located in a rural area approximately 60 km east of the city
of Oaxaca, a high prevalence of anemia (≥15.0%) on the baseline survey, and an adequate infrastructure
to sustain a 6-month feeding trial. The exclusion criteria were a prevalence of anemia of less than 15%
on the baseline survey and an inadequate infrastructure to sustain a 6-month feeding trial.

2.2. Study Design

Sample selection. Boarding school administrators were contacted to explain the study design
and obtain permission for prescreening. An initial prescreening survey was conducted in 30 (of 48
previously surveyed) randomly selected boarding schools, which included information on the school
size, past menus, infrastructure, and capacity to support this research project (Figure 1). In all
boarding schools, students provided a capillary blood sample analyzed for hemoglobin concentrations
(HemoCue AB, Ängelholm, Sweden). A total of 30 schools were assessed for eligibility; 10 boarding
schools were excluded based on a low prevalence of anemia in the screening survey (<15.0%)
and an inadequate management and infrastructure to sustain a 6-month controlled feeding trial.
The 20 boarding schools with the highest prevalence (≥15.0%) of anemia were selected; out of a total
of 20 schools (n = 670 children), 10 were randomized to receive iron-biofortified beans (Fe-Beans;
n = 304 children) and 10 were randomized to receive control beans (Control-Beans; n = 366 children)
for 6 months between January and June 2010.

Randomization and masking. The study was a double-blind, cluster-randomized controlled
trial (with randomization at the school level) of: (1) iron-biofortified black beans, compared to
(2) a commercial variety of beans, with the intervention randomized at the school level. The school
administrators, children, research staff (for managing the intervention, food weighing, assessment of
outcomes), and laboratory staff were blinded to the intervention group.

Ethics approval. Informed written assent was obtained from each participant, as well as their
guardians and institution heads, at the screening and again at baseline. The Commission for Ethics,
Biosafety, and Research of the Instituto Nacional de Salud Pública (INSP), Cuernavaca, Mexico,
approved the research protocol.

2.3. Intervention

Beans: The iron-biofortified beans (Phaseolus vulgaris L. MIB465) were grown at the Centro
Internacional de Agricultura Tropical (CIAT) in Cali, Colombia, in 2009. The beans were then shipped
to Oaxaca, Mexico, for repackaging and storage. The control beans (Phaseolus vulgaris L. Jamapa variety)
that were identical in color and size were purchased from local sources in Mexico. The two bean
varieties were repackaged into knitted 50-kg plastic sacks with color-coded identifiers to distinguish
the Fe-Beans and Control-Beans. The code was not known to any of the field staff, participants, or those
involved in the data collection and analysis. The Fe-Beans and Control-Beans were similar in color,
taste, and phytochemical content. An analysis of the iron content by inductively coupled plasma
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mass spectrometry (ICP-MS) before the start of the study indicated a difference of 40 μg iron per g of
uncooked beans between the iron-biofortified beans (95 μg/g) and control beans (55 μg/g). All of the
beans were stored in a properly ventilated and secure facility. Sacks of beans were distributed monthly
to participating boarding schools from January to June 2010.

Baseline and follow-up procedures. Individual children within boarding schools were assessed
for their dietary iron intake, blood parameters, and anthropometry. The anthropometric measurements
were obtained by trained research assistants using standardized procedures and calibrated instruments
at the baseline and endline. Body weight was measured using a digital weighing scale (Tanita,
Arlington Heights, Illinois, USA) with a precision of 100 g, calibrated daily. Height was assessed using
a stadiometer (Dyna-Top, Mexico City, Mexico) with a precision of 1 mm. Individual z-scores were
calculated as per World Health Organization (WHO) guidelines [27]. Mothers or housemothers of
the boarding schools were asked about morbidity in children by listing symptoms related to diarrhea,
upper respiratory illness, and fever. Morbidity was assessed at the baseline for 2 weeks prior to the
blood sampling, as well as at endline.

Dietary intake of iron. Children were offered 2 daily portions (100 g each) of cooked beans, one at
lunch and another at dinner. The mean dietary intake for participants in this study was estimated by
calculating the nutrient composition of the menus for the three meals per day offered at the boarding
schools and the bean intake measured during the trial. Portion sizes were derived from the dietary test
weighing performed on a monthly basis in all the boarding schools. For food weighing measurements,
1 out of 10 children were randomly selected at each boarding school in a rotation fashion. For that
purpose, the portions of beans and animal-source foods (e.g., meat, eggs, cheese, or milk) were weighed
before serving, and the remains were weighed again by trained personnel with OHAUS Compact
Scales (Model CS, 5000), at a precision of 2 g.

Blood collection. The venous blood samples (7 mL) were collected from participants for an analysis
of iron status by a trained phlebotomist at the baseline and endline. Whole blood was analyzed
for hemoglobin using HemoCue (HemoCue AB, Ängelholm, Sweden). Plasma was separated by
centrifugation and stored below −20 ◦C (for < 4 days) until it was transported to the central laboratory
at INSP and stored below −80 ◦C until analysis. Serum concentrations of ferritin and the soluble
transferrin receptors (sTfR) were measured by an immunoassay method using commercial kits (Dade
Behring Inc., Deerfield, IL, USA). C-reactive protein (CRP) and α-1-acid glycoprotein (AGP) were
analyzed via the particle-enhanced immunoturbidometric assay in a Roche Hitachi 902 analyzer
(Roche, Basel, Switzerland) at the laboratory at INSP.

Definitions of outcomes. The primary outcomes were: hemoglobin (Hb), serum ferritin (SF),
and soluble transferrin receptor (sTfR) concentrations at the individual level. We also assessed total
body iron (TBI), anemia, and iron deficiency. Total body iron was estimated using the approach
originally proposed by Cook [28]:

TBI (mg/kg) = −[log10 (sTfR(mg/L) × 1000/SF(μg/L)) − 2.8229]/ 0.1207 (1)

Anemia was defined as Hb <11.5 g/dL for children younger than 12 years, and <12.0 g/dL for
children 12 years and older [1]. Iron deficiency was defined as SF <15.0 μg/L for the primary analyses,
and as TBI <0.0 mg/kg or sTfR >8.3 mg/L in additional analyses.

2.4. Power and Sample Size Calculations

The initial power and sample size calculations were based on the following criteria: alpha (0.05),
differential in iron content between the Fe-Bean and Control-Bean varieties (40 ppm), daily dry bean
consumption (90 grams per day), duration of feeding (120 days of feeding), between school variance in
serum ferritin (0.014 μg/L) and within school variance in serum ferritin (0.15 μg/L) concentrations.
We would have an 80% power to detect a 2.7 μg/L difference in serum ferritin concentrations over the
course of the study, with a sample size of 17 schools with approximately 664 children.
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Statistical analysis. The descriptive statistics were expressed as the median, interquartile range
(IQR) and percentages. Hemoglobin concentrations were adjusted for altitude: the hemoglobin values
in the samples from children living in communities located more than 1000 m above sea level were
corrected using the equation published by Cohen and Haas [29].

The laboratory analyses for serum ferritin concentrations for the baseline and endline were not
analyzed in batch. In order to correct for significant analytical differences observed between the
baseline and endline ferritin samples, a subset of samples at both time points were analyzed together.
Based on these results, we developed the following equation to correct the endline ferritin values:

Corrected endline ferritin =
(4.2464 + uncorrected endline ferritin)

1.179782
(2)

The serum ferritin concentrations were adjusted for inflammation and sex, using the BRINDA
method [30], and using methods previously described [31–33]. The variables were natural
logarithm-transformed in order to achieve normality prior to the analyses. Mixed models were
used to examine the effects of Fe-Beans on hematological outcomes, compared to Control-Beans,
with school as a random effect. All the models were also adjusted for the baseline value of the
respective iron status indicator. p-values of less than 0.05 were considered statistically significant.
The statistical analyses were conducted with SAS 9.4 (SAS Institute Inc., Cary, NC, USA). This trial
was registered at clinicaltrials.gov as NCT03835377.

3. Results

3.1. Baseline Characteristics

Recruitment began in January 2010, and the feeding trial was conducted from January 2010 to
June 2010. The baseline characteristics of children attending the 20 schools included in these analyses
are presented in Table 1. After screening, 10 schools were excluded based on a low prevalence of
anemia; 20 schools were randomized to receive either Fe-Beans (n = 10 schools; n = 304 children) or
Control-Beans (n = 10 schools; n = 366 children) (Figure 1). Iron biomarker data were available at
the endline for a total of 574 children attending 20 schools: 269 children from 10 schools received
iron-biofortified beans, and 305 children from 10 schools received control beans. The median age of
participants was 9.6 years (Inter-Quartile Range (IQR): 8.1, 10.9 years); 53.3% of the sample were female.
There were no significant differences at the baseline between schools in treatment groups in terms of
sociodemographic or anthropometric indicators, and there were no significant differences between
schools or children initially enrolled (n = 20 schools, n = 670 children) and those who completed the
intervention (n = 20 schools, n = 574 children). The a priori assumptions for adequate power were not
met, as the number of feeding days was lower than initially anticipated (median number of feeding
days was 68 vs. 120 days in power and sample size calculations).

At the baseline, 17.8% of children were anemic; the median hemoglobin concentration was
12.8 g/dL (IQR: 11.8, 13.8 g/dL). A total of 11.3% of children were iron deficient (SF <15.0 μg/L,
unadjusted), and the median unadjusted ferritin concentration was 28.7 μg/L (20.4, 38.9 μg/L).
The prevalence of inflammation was 6.3% based on CRP (>5.0 mg/L) and 11.6% based on AGP
(>1.0 g/L) in the overall sample. However, the prevalence of inflammation (CRP >5.0 mg/L: 8.3% vs.
4.1%; AGP >1.0 g/L: 16.1% vs. 6.4%) and morbidity (i.e., fever, diarrhea, productive cough: 38% vs.
22%) was higher in schools in the Control-Bean group at the baseline, compared to the Fe-Bean group.

After adjusting baseline serum ferritin concentrations for inflammation (using the BRINDA
method [30]), the median SF concentration was reduced from 28.7 (IQR: 20.4, 38.9 μg/L) to 24.5
(IQR: 18.2, 33.8 μg/L). The prevalence of iron deficiency at the baseline was 15.9%, after adjusting
serum ferritin concentrations for inflammation. The median sTfR concentration of 4.3 mg/L was not
affected by inflammation. The unadjusted median value of 5.4 mg/kg for baseline TBI was reduced to
4.8 mg/kg after the BRINDA adjustment.
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Figure 1. CONSORT Diagram for Cluster-Randomized Trial.

3.2. Effects of the Intervention on Iron Status

The effects of iron-biofortified beans on the iron status in children compared to control beans are
presented in Table 2. All the analyses presented show the effects of the intervention on the iron status
indicator at the endline, adjusted for the baseline indicator, with school as a random effect. The iron
status indicators, including Hb, SF, sTfR, and TBI, improved in both the intervention and control groups
during the 6-month trial. However, the Fe-Beans did not significantly improve the iron biomarkers
(Hb, SF, TBI), compared to the Control-Beans. The soluble transferrin receptor (sTfR) values were lower
in the Fe-Bean group compared to Control-Beans at the endline (p = 0.054). At endline, the median
hemoglobin level was 13.0 (IQR: 12.2, 13.8 g/dL) in the Control-Bean group, compared to 12.9 (IQR: 11.9,
13.6 g/dL) in the Fe-Bean group. There was a significant difference in serum ferritin (p = 0.04) and CRP
(p = 0.03) concentrations between the groups at the endline. However, after adjusting for inflammation
using BRINDA methods, there were no statistically significant differences between the groups with
regard to the serum ferritin concentrations. Similarly, compared to Control-Beans, there were no
significant Fe-Bean effects on dichotomous outcomes, including anemia (<12 years: Hb <11.5 g/dL;
≥12 years: Hb <12.0 g/dL)), iron deficiency (SF <15.0 μg/L; TBI <0.0 mg/kg; sTfR >8.3 mg/L), or
inflammation (CRP >5.0 mg/L; AGP >1.0 g/L).

3.3. Plausability Analyses

The findings from the secondary plausibility analyses of the effects of the total consumed iron
from beans on the iron status are presented in Table S1 (Online Supplementary Materials). There were
no significant effects of the iron consumed from beans on the iron status biomarkers.
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4. Discussion

Iron-biofortified beans did not significantly improve iron status in school-aged children, compared
to control beans in this cluster-randomized trial in Mexico. After BRINDA adjustments for
inflammation, there were no significant differences between the intervention and control groups
at the endline in hemoglobin, serum ferritin, or total body iron concentrations. The intervention
lowered the sTfR concentrations, a marker typically not expected to be affected by inflammation,
although this did not achieve any statistical significance (p = 0.054). Our initial power calculations
were based on 120 total feeding days; however, the median number of actual feeding days achieved
was only 68.

To our knowledge, this is the first randomized controlled trial of biofortified black beans that
examined their efficacy in improving iron status in children. In this biofortified efficacy trial, it was not
possible to include a true placebo, which constitutes a study limitation. Iron-biofortified beans with
95 μg/g of iron were compared to control beans containing 55 μg/g of iron, rendering a difference
in iron intake of 40 μg iron per g of uncooked beans. Children received a median total of 503.6 mg
iron in the Fe-Bean group, compared to a total of 295.1 mg iron in the Control-Bean group, over the
course of a 6-month intervention (i.e., 180 days between the baseline and endline blood collection
vs. 104 total feeding days vs. a median of 68 days of bean consumption)–which would be equivalent
to 2.80 and 1.64 mg/d, respectively, over 6 months. Since the estimated average requirement for
iron in school-aged children ≤12 y is between 4.1 and 5.9 mg/day [8], the Fe-Bean group received
approximately 47% to 68% of their daily physiological iron requirement from experimental beans
while the control group received 28% to 40% of these requirements. It is expected that during the days
when experimental beans were not consumed there was still some bean consumption through the
children’s usual diets at home. This usual dietary consumption was not measured but assumed to be
similar between randomized intervention groups. The difference in iron ingested from experimental
beans between the intervention groups (i.e., 208.5 mg or approximately 1.16 mg/day) is substantial.
This comparison, however, assumes that the school-aged children regularly consume the allotted
two-per-day portions of beans over the entire follow-up period. Considering the anticipated low iron
absorption of approximately 5% from beans [34], the net effect of the transfer of absorbed iron from the
two types of beans to the iron stores and functional pools may have been inadequate to result in any
significant differences between the intervention groups in the measured biomarkers. It is important to
note that the improvement of the iron status in both groups indicates the baseline potential for benefits
to this population, even from consumption of standard black beans.

Other studies with biofortified crops on school-age children include one from India using
biofortified pearl millet [23]. In that study, iron-biofortified pearl millet significantly improved the iron
status in secondary school children after 4 months compared with control pearl millet. Although the
amount of iron in biofortified pearl millet is similar to that in biofortified black beans, there are a few
differences that may explain the discrepant findings. First, the amount of pearl millet consumed was
far greater than the amount of beans consumed in this study; second, the bioavailability of iron in pearl
millet is estimated to be higher (7.3%) [35] compared to that of black beans (5%); third, the prevalence
of inflammation was considerably lower in the location in India; fourth, phytates and polyphenols
may reduce iron absorption; and fifth, there was no assessment of the midline iron status in the trial
in Mexico. In the study from India, one of the key findings was that although the serum ferritin
concentrations were similar by the end of the trial (6 months) in both groups, there were significant
benefits of biofortification at the midpoint assessment; i.e., the intervention group reached those levels
significantly faster than the control group.

The results from this trial are also inconsistent with other trials of iron-biofortified crops. With the
assessment of multiple iron biomarkers, previous randomized trials have demonstrated the efficacy of
the iron biofortification of other staple crops, including beans in women of reproductive age attending
university, in improving the iron status in at-risk populations [22–24]. A meta-analysis synthesizing
the evidence from these three trials found that iron biofortification interventions significantly increased
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serum ferritin concentrations and total body iron, compared to conventional crops, with the most
substantial benefits among those who were iron deficient at the baseline [25].

In this study, there was a higher prevalence of elevated AGP and CRP in the control group at
baseline, compared to the Fe-Bean group. Adjusting for inflammation sufficiently attenuated the
high ferritin values in the control group—consistent with the impact of inflammation on the iron
status—effectively reversing the apparent negative intervention effect (Table 2). A major strength
of this study was the comprehensive assessment of the iron status, including iron biomarkers and
indicators of inflammation (i.e., CRP and AGP). This is consistent with WHO recommendations for
iron status assessment in populations, namely the examination of Hb, SF, sTfR, and at least 1 acute
phase protein (i.e., CRP or AGP) [36]. Soluble transferrin receptor is a carrier protein required for iron
endocytosis and regulated in response to intracellular iron levels, and it is less sensitive to inflammation
or to the acute phase response in infections. Therefore, measurements of both SF and sTfR can inform
the distinction between the effects of inflammation on the host iron status and changes in the iron
status. It should be noted that, in this study, Fe-Beans reduced the sTfR concentrations compared to
Control-Beans (p = 0.054), supporting the predicted effect of iron-biofortified beans improving the iron
status, as this indicator is not expected to be influenced by inflammation.

Another strength of this study was the use of black beans in a population with high baseline
intake of this staple crop. In southern Mexico, the mean daily consumption of standard beans for
school-aged children is, on average, 50 g of dry weight per day, which is a good iron source and can
provide approximately 50% of the daily estimated average requirement of iron. This affirms the use of
the black bean as an appropriate carrier for an amplified iron delivery [26].

This study has several limitations. Randomization was implemented at the school level rather than
at the individual level, limiting the power of the study. The a priori assumptions for adequate power
were not met, as the number of feeding days was lower than that initially anticipated (i.e., the median
number of feeding days was 68 vs. the 120 days included in the power and sample size calculations).
The school-level randomization also resulted in significant differences between the treatments at
the baseline in inflammation, which impacts the iron assessment since ferritin is an acute-phase
protein. Children in schools in the control group were significantly more likely to exhibit elevated
inflammation (CRP >5 mg/L, AGP >1 g/L) at the baseline, compared to children in boarding schools
in the intervention group. As part of the immune response, inflammation is associated with a variety
of human disorders and is common on both ends of the spectrum of malnutrition, including obesity
and undernutrition [37]. Inflammation is also common in settings with high burdens of infectious
diseases. There is an established relationship between iron and inflammation [38]: inflammatory
cytokines activate the secretion of the hepatic peptide hormone hepcidin to reduce the circulation of
iron, thus increasing serum ferritin and decreasing transferrin-bound iron [37,39]. This can cause an
anemia of inflammation, which is typically unresponsive to iron interventions.

The indicators most susceptible to inflammation, serum ferritin and hemoglobin, responded
predictably by exhibiting greater increases in the control group, which included a significantly greater
proportion of children with chronic, low-grade inflammation. Additionally, the low bioavailability of
iron from the high phytate diets (mostly from maize) is a limitation for both groups and may be one of
several factors that reduced the likelihood of an improvement in the iron status.

Generalizability must also be considered; the boarding school setting, with relatively low
prevalence of anemia (<20%) and high bean intake, may constrain the generalizability of the
intervention efficacy to other populations. Future studies should consider other subgroups at risk of
iron deficiency, including pregnant and lactating women, as well as broader populations at large.

Overall, as a plant-based, locally consumed source of iron and protein, beans offer an
environmentally and economically sustainable approach for delivering nutrients in resource-limited
settings, and both control and intervention groups demonstrated an improved iron status in this trial.
The present study highlighted the importance of examining inflammation as part of a comprehensive
iron status assessment, and adjusting for inflammation. In prospective studies, additional methods

120



Nutrients 2019, 11, 381

are needed to integrate changes in inflammation in the assessment of the iron status over time.
Future investigations should assess the effects of iron-biofortified beans on the iron status in at-risk
populations and elucidate the association of iron status and inflammatory markers in children with
multiple measurements during follow-ups (e.g., random serial sampling). Future randomized efficacy
trials are also needed to evaluate the effects of iron-biofortified beans on functional outcomes of iron
deficiency, including cognitive development, growth, and physical performance.

Supplementary Materials: The following are available online at http://www.mdpi.com/2072-6643/11/2/381/s1,
Table S1: Effect of total iron consumed on iron status in children, adjusted for intervention (n = 571).
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Abstract: Biofortification aims to improve the micronutrient concentration and bioavailability in
staple food crops. Unlike other strategies utilized to alleviate Fe deficiency, studies of the gut
microbiota in the context of Fe biofortification are scarce. In this study, we performed a 6-week
feeding trial in Gallus gallus (n = 15), aimed to investigate the Fe status and the alterations in the
gut microbiome following the administration of Fe-biofortified carioca bean based diet (BC) versus
a Fe-standard carioca bean based diet (SC). The tested diets were designed based on the Brazilian
food consumption survey. Two primary outcomes were observed: (1) a significant increase in total
body Hb-Fe values in the group receiving the Fe-biofortified carioca bean based diet; and (2) changes
in the gut microbiome composition and function were observed, specifically, significant changes
in phylogenetic diversity between treatment groups, as there was increased abundance of bacteria
linked to phenolic catabolism, and increased abundance of beneficial SCFA-producing bacteria in the
BC group. The BC group also presented a higher intestinal villi height compared to the SC group.
Our results demonstrate that the Fe-biofortified carioca bean variety was able to moderately improve
Fe status and to positively affect the intestinal functionality and bacterial populations.

Keywords: iron deficiency; Biofortification; intestinal morphometry; gut microbiome; metagenome;
polyphenols

1. Introduction

Micronutrients deficiency affects approximately two billion people worldwide. Iron (Fe)
deficiency is the most prevalent nutrient deficiency, affecting around 40% of the world population,
particularly women and children in developing countries [1,2]. It is estimated that around 46% of
the population in Africa, 57% in South-East Asia and 19% in America are anemic [3]. Fe deficiency
is highly prevalent in low-income countries (~30% in Brazil) due to a lack of meat consumption in
addition to a notable dietary reliance on grains containing high amounts of Fe absorption inhibitors
(e.g., phytic acid, polyphenolic compounds) [4–7]. Major pathophysiological complications related
to insufficient Fe intake may include stunted growth, impaired physical and cognitive development,
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and increased risk of morbidity and mortality in children [4,8,9]. To alleviate Fe deficiency, an integral
step involves the understanding of specific dietary patterns and components that contribute to Fe
status in the particular population suffering from a deficiency.

Biofortified staple food crops have become an effective tool by which to address micronutrient
deficiencies, especially that of Fe, in many at-risk populations [4,6,10,11]. The common bean
(Phaseolus vulgaris) is one of the crops target for biofortification program since it exhibits sufficient
genetic variability in iron concentration, which is the basic requirement for biofortification [12,13].
This crop is currently estimated to be one of the most important legumes worldwide [13,14], and is
an important source of nutrients for more than 300 million people in parts of Eastern Africa and
Latin America, representing 65% of total protein consumed, 32% of energy, and a major source of
micronutrients (vitamins and minerals) [10,14,15].

Previous studies using Fe biofortified beans in Mexico [16], and Rwanda [17,18] have shown some
improvement in Fe status in subjects consuming the biofortified beans versus a standard bean variety.
However, a major challenge associated with biofortification of staple food crops, especially common
beans, is that they contain factors such as polyphenols and phytic acid that can inhibit Fe bioavailability
and absorption, hence limit their nutritional benefit [17,19]. These inhibitory factors may increase with
Fe concentration when these crops are biofortified via conventional breeding [17,19,20]. Hence, as was
previously suggested, it is necessary to measure the concentration of Fe, the amount of bioavailable Fe,
and the concentration of potential inhibitors of Fe bioavailability in these biofortified crops [19,21,22].
It is also important to factor in and assess the other components of the diet in which these crops are
consumed as the potential interactions can negate or even enhance the expected benefit of increased
Fe content.

Despite containing inhibitory factors, legumes also carry other substances, referred to as promoters,
which have the potential to counteract the effects of the inhibitory factors [19,20,23,24]. One of the
most notable promoters are prebiotic [19,25,26]. Prebiotics have been characterized as a group of
carbohydrates that resist digestion and absorption in the gastrointestinal tract (small intestine), that
beneficially affect gut health, by enhancing the growth and activities of probiotics [26–28] and can
improve mineral absorption [29]. These compounds can survive the acidic and enzymatic digestion
in the small intestine, and thus can be fermented by probiotics that reside in the colon/cecum [30].
The fermentation of prebiotics by probiotics leads to the production of short-chain fatty acids (SCFA),
which may improve the intestinal function, increasing the absorption of minerals such as Fe [25,31–33].
At the same time, some polyphenols present in the common beans can stimulate the growth of
commensal and beneficial microbiota while pathogenic strains are inhibited or unaffected [34].

Biofortified crops have become an effective tool by which to address micronutrient deficiencies,
especially that of Fe, in many at-risk populations [15,35,36]. By using the combination of a Caco-2 cell
bioassay and an in vivo (Gallus gallus) model that has been used extensively for nutritional research and
shown to be an excellent model to assess dietary Fe (and Zinc) bioavailability [4,37–39], the objective of
the current study was to evaluate the ability of the Fe biofortified carioca bean line to deliver more Fe
for hemoglobin (Hb) synthesis. Also, we aimed to evaluate the effect of the Fe biofortified carioca bean
intake on the intestinal microbiota composition and function. If this in vivo assessment indicates that
nutritional benefit exists, we suggest to further employ these screening tools to guide future studies
aimed to assess biofortified staple food crops, as this approach will allow proceeding to human efficacy
studies with greater confidence and success.

2. Materials and Methods

2.1. Sample Preparation

The two carioca bean lines: BRS Perola (Fe Standard) and BRS Cometa (Fe Biofortified) that were
used in this study were obtained from Embrapa (Empresa Brasileira de Pesquisa Agropecuaria, Goias,
Brazil), and were shipped to Ithaca, New York in sealed containers imported as flours. The beans were
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cooked in three replicates in a conventional pressure cooker for 40 min using a bean/distilled water
ratio of 1:2.7 (w/v) and dried in an air oven for 17 h at 60 ◦C. The dried beans were ground by stainless
steel mill 090 CFT at 3000 rpm and stored at −12 ◦C [40].

2.2. Polyphenols Analysis

2.2.1. Polyphenol Extraction

1 g of bean flour was added with 5 mL of methanol/water (50:50 v/v). The slurry was vortexed
for 1 min, placed in a 24 ◦C sonication water bath for 20 min, vortexed again for 1 min and centrifuged
at 4000× g for 15 min. The supernatant was filtered with a 0.45 μm Teflon syringe, filtered, and stored
for later use at −20 ◦C.

2.2.2. Ultra Performance Liquid Chromatography—Mass Spectrometry (UPLC—MS) Analysis of
Polyphenols

Extracts and standards were analyzed with a Waters Acquity UPLC (Waters, Milford, MA,
USA). Five microliter samples were injected and passed through an Acquity UPLC BEH Shield
RP18, 1.7 μm. 2.1 × 100 mm column (Waters, Milford, MA, USA) at 0.5 mL/min. The column was
temperature-controlled at 40 ◦C. The mobile phase consisted of water with 0.1% formic acid (solvent A)
and acetonitrile with 0.1% formic acid (solvent B). Polyphenols were eluted using linear gradients of
86.7–84.4% A in 1.5 min, 84.4–81.5% A in 0.2 min, 81.5–77% A in 2.8 min, 77–55% A in 0.5 min, 55–46% A
in 1 min and 46–86.7% A in 0.2 min and a 0.8 min hold at 86.7% A for a total 7 min run time. From the
column flow was directed into a Waters Acquity photodiode array detector set at 300–400 nm and a
sampling rate of 20/s. Flow was then directed into the source of a Xevo G2 QTOF mass spectrometer
(Waters, Milford, MA, USA) and ESI mass spectrometry was performed in negative ionization mode
with a scan speed of 5/s in the mass range from 50 to 1200 Da. Capillary and cone gas voltages were set
at 2.3 kV and 30 V respectively. Desolvation gas flow was 800 L/h. and desolvation gas temperature
was 400 ◦C. Source temperature was 140 ◦C. Lock-mass correction was used with leucine encephalin
as the lock-mass standard and a scan frequency of 25 s. Instrumentation and data acquisition were
controlled by MassLynx software (version 4.2, Waters, Milford, MA, USA). Individual polyphenols
in bean samples were tentatively determined by mass using MarkerLynx software (Waters, Milford,
MA, USA), and their identities were confirmed by comparison of LC retention times with authentic
standards. Polyphenol standard curves for flavonoids were derived from integrated areas under UV
absorption peaks from 10 replications. Standard curves for catechin and 3.4-dihydroxybenzoic acid
were constructed from MS ion intensities using 10 replications.

2.3. Phytate Analysis

Dietary phytic acid (phytate)/total phosphorus was measured as phosphorus released by phytase
and alkaline phosphatase, following the kit manufacturer’s instructions (n = 5) (K-PHYT 12/12.
Megazyme International. Bray, Ireland).

2.4. Iron Content of Bean Flour, Serum and Liver

The bean flour samples and liver samples (0.5 g) and serum (100 μL) were treated with 3.0 mL of
60:40 HNO3 and HClO4 mixture into a Pyrex glass tube and left for overnight to destroy organic matter.
The mixture was then heated to 120 ◦C for two hours and 0.25 mL of 40 μg/g Yttrium (Sigma-Aldrich,
St. Louis, MO, USA) added as an internal standard to compensate for any drift during the subsequent
inductively coupled plasma atomic emission spectrometer (ICP-AES) analysis. The temperature of the
heating block was then raised to 145 ◦C for 2 h. Then, the temperature of the heating block raised to
190 ◦C for ten minutes and turned off. The cooled samples in the tubes were then diluted to 20 mL,
vortexed and transferred into auto sample tubes to analyze via ICP-AES. The model of the ICP used
was a Thermo iCAP 6500 series (Thermo Jarrell Ash Corp., Franklin, MA, USA).
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2.5. Protein and Dietary Fiber Analysis in the Bean Flour

Protein concentration was determined by micro-Kjeldahl method according to the Official
Methods of Analysis (AOAC International, Rockville, MD, USA) procedure [41]. The determination of
total fiber and soluble and insoluble fractions was performed by the enzymatic-gravimetric method
according to AOAC [41], using the enzymatic hydrolysis for a heat-resistant amylase, protease and
amyloglucosidase (Total dietary fiber assay Kiyonaga, Sigma®, Kawasaki, Japan).

2.6. In Vitro Iron Bioavailability Assessment

An established in vitro digestion/Caco-2 cell culture model was used to assess Fe-bioavailability [37,42].
The staple food flour samples (biofortified and standard beans, rice, potato) were analyzed by themselves
and in a food combination (“food basket”). With this method, the cooked bean samples, additional meal
plan components and the formulated diets were subjected to simulated gastric and intestinal digestion.
0.5 g of the freeze dried cooked beans and diet samples were utilized for each replication (n = 6) of the
in vitro digestion [11,21,43].

2.7. Harvesting of Caco-2 Cells for Ferritin Analysis

The protocols used in the ferritin and the total protein contents analyses of Caco-2 cells were
similar to those previously described [19,22,23,37,39,44]. Caco-2 cells synthesize ferritin in response
to increases in intracellular Fe concentration. Therefore, we used the ratio of ferritin/total protein
(expressed as ng ferritin/mg protein) as an indicator of cellular Fe uptake. All glassware used in the
sample preparation and analyses was acid washed.

2.8. Animals, Diets and Study Design

Cornish cross—fertile broiler eggs (n = 60) were obtained from a commercial hatchery (Moyer’s
chicks, Quakertown, PA, USA). The eggs were incubated under optimal conditions at the Cornell
University Animal Science poultry farm incubator. Upon hatching (hatchability rate = 50%), chicks
were allocated into 2 treatment groups on the basis of body weight and blood hemoglobin concentration
(aimed to ensure equal concentration between groups), (1) Fe-standard carioca bean based diet (SC):
42% carioca bean (BRS Perola) based diet (n = 14), and (2) Fe-biofortified carioca bean based diet (BC):
42% carioca bean (BRS Cometa) based diet (n = 14). Experimental diets (Table 1) had no supplemental
Fe. The specific Brazilian dietary formulation used in the study (Table 1) was based on the Brazilian
food consumption survey [45]. Chicks were housed in a total confinement building (4 chicks per
1 m2 metal cage). The birds were under indoor controlled temperatures and were provided 16 h of
light. Each cage was equipped with an automatic nipple drinker and a manual self-feeder. All birds
were given ad libitum access to water. Feed intakes were measured daily (as from day 1), and Fe
intakes were calculated from feed intakes and Fe concentration in the diets. The body weight and the
hemoglobin concentration in the blood were measured weekly.
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Table 1. Composition of the experimental bean based diets 1–3.

Ingredient
Fe Content

(μg Fe/g Sample)

Fe-Standard Carioca
Based Diet (SC)

(g/kg by Formulation)

Fe-Biofortified Carioca
Bean Based Diet (BC)
(g/kg by Formulation)

BRS Perola (Fe-standard bean) 64.3 ± 0.54 420 -
BRS Cometa (Fe-biofortified bean) 84.97 ± 2 - 420

Potato 12.89 ± 0.43 320 320
Corn 31.36 ± 4.74 70 70

Pasta (non-enriched) 13.82 ± 1.04 70 70
Rice 4.21 ± 0.8 50 50

Vitamin/mineral premix (no Fe) 0.0 70 70
DL-Methionine 0.0 2.5 2.5
Vegetable oil 0.0 30 30

Choline chloride Total (g) 0.0 0.75 0.75
Total (g)

Selected components

Dietary Fe concentration (μg/g) - 40.47 ± 1.84 47.04 ± 1.52 *
Phytic acid (μg/g) - 1.71 ± 0.16 * 1.15 ± 0.053

Phytate:Fe molar ratio - 35.76 20.84
1 Vitamin and mineral premix provided/kg diet (330002 Chick vitamin mixture; 235001 Salt mix for chick diet; Dyets Inc.
Bethlehem, PA, USA). 2 Iron concentrations in the diets were determined by an inductively-coupled argon-plasma/atomic
emission spectrophotometer. 3 Method for determining phytate is described in the materials and method s section.
* Statistical difference by t-test at 5% of probability (Comparison between Standard diet and Biofortified diet).

2.9. Blood Analysis, Hemoglobin (Hb) Determination, and Tissue Collection

Blood samples were collected weekly from the wing vein (100 μL) using micro-hematocrit
heparinized capillary tubes (Fisher, Pittsburgh, PA, USA). Weekly blood Hb concentrations were
determined spectrophotometrically using the Triton/NaOH method following the kit manufacturer’s
instructions. Fe bioavailability was calculated as hemoglobin maintenance efficiency (HME):

HME =
Hb − Fe, mg (final)–Hb − Fe, mg (initial)

Total Fe intake, mg
× 100

where Hb-Fe (index of Fe absorption) = total body hemoglobin Fe. Hb-Fe was calculated from
hemoglobin concentrations and estimates of blood volume based on body weight (a blood volume of
85 mL per kg body weight is assumed):

Hb-Fe (mg) = BW (kg) × 0.085 blood/Kg × Hb (g/L) × 3.35 mg Fe/g Hb

At the end of the experiment (day 42), birds were euthanized by CO2 exposure. The digestive
tracts (small intestine and cecum) and livers were quickly removed from the carcass. The samples
were immediately frozen in liquid nitrogen, and then stored in a −80 ◦C freezer until further analysis.

All animal protocols were approved by the Cornell University Institutional Animal Care and Use
Committee (protocol name: Intestinal uptake of Fe and Zn in the duodenum of broiler chicken: extent,
frequency, and nutritional implications; approved: 15 December 2016; protocol number: 2007–0129).

2.10. Isolation of Total RNA from Chicken Duodenum and Liver

Total RNA was extracted from 30 mg of the proximal duodenal tissue (n = 8) and liver (n = 8)
using Qiagen RNeasy Mini Kit (RNeasy Mini Kit, Qiagen Inc., Valencia, CA, USA) according to
the manufacturer’s protocol. Briefly, tissues were disrupted and homogenized with a rotor-stator
homogenizer in buffer RLT®, containing β-mercaptoethanol. The tissue lysate was centrifuged for
3 min at 8000× g in a micro centrifuge. An aliquot of the supernatant was transferred to another tube,
combined with 1 volume of 70% ethanol and mixed immediately. Each sample (700 μL) was applied to
an RNeasy mini column, centrifuged for 15 s at 8000× g, and the flow through material was discarded.
Next, the RN easy columns were transferred to new 2-mL collection tubes, and 500 μL of buffer RPE®

was pipetted onto the RNeasy column followed by centrifugation for 15 s at 8000× g. An additional
500 μL of buffer RPE were pipetted onto the RNeasy column and centrifuged for 2 min at 8000× g.
Total RNA was eluted in 50 μL of RNase free water.
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All steps were carried out under RNase free conditions. RNA was quantified by absorbance
at A 260/280. Integrity of the 28S and 18S ribosomal RNAs was verified by 1.5% agarose gel
electrophoresis followed by ethidium bromide staining. DNA contamination was removed using
TURBO DNase treatment and removal kit from AMBION (Austin, TX, USA).

2.11. Real Time Polymerase Chain Reaction (RT-PCR)

As was previously described [46], cDNA was used for each 10 μL reaction together with 2×
BioRad SSO Advnaced Universal SYBR Green Supermix (BioRad, Hercules, CA, USA) which included
buffer, Taq DNA polymerase, dNTPs and SYBR green dye. Specific primers (forward and reverse
(Table 2) and cDNA or water (for no template control) were added to each PCR reaction. The specific
primers used can be seen in Table 2. For each gene, the optimal MgCl2 concentration produced
the amplification plot with the lowest cycle product (Cp), the highest fluorescence intensity and the
steepest amplification slope. Master mix (8 μL) was pipetted into the 96-well plate and 2 μL cDNA was
added as PCR template. Each run contained seven standard curve points in duplicate. A no template
control of nuclease-free water was included to exclude DNA contamination in the PCR mix. The double
stranded DNA was amplified in the Bio-Rad CFX96 Touch (Bio-Rad Laboratories, Hercules, CA, USA)
using the following PCR conditions: initial denaturing at 95 ◦C for 30 s, 40 cycles of denaturing at
95 ◦C for 15 s, various annealing temperatures according to Integrated DNA Technologies (IDT) for
30 s and elongating at 60 ◦C for 30 s. The data on the expression levels of the genes were obtained
as Cp values based on the “second derivative maximum” (automated method) as computed by the
software. For each of the 12 genes, the reactions were run in duplicate. All assays were quantified
by including a standard curve in the real-time qPCR analysis. The next four points of the standard
curve were prepared by a 1:10 dilution. Each point of the standard curve was included in duplicate.
A graph of Cp vs. log 10 concentrations was produced by the software and the efficiencies were
calculated as 10[1/slope]. The specificity of the amplified real-time RT-PCR products were verified by
melting curve analysis (60–95 ◦C) after 40 cycles, which should result in a number of different specific
products, each with a specific melting temperature. In addition, we electrophoresed the resulting PCR
products on a 2%-agarose gel, stained the gel with ethidium bromide, and visualized it under UV light.
PCR-positive products were purified of primer dimers and other non-specific amplification by-products
using QIAquick Gel Kit (Qiagen Inc., Valencia, CA, USA) prior to sequencing. We sequenced the
products using BigDye® Terminator v3.1 Cycle Sequencing Kits (Applied Biosystems, Foster City,
CA, USA) and ABI Automated 3430xl DNA Analyzer (Applied Biosystems) and analyzed them with
Sequencing Analysis ver. 5.2 (Applied Biosystems). We aligned sequences of hepcidin with those
from related organisms obtained from Gen Bank using a basic alignment-search tool (BLAST; National
Center for Biotechnology Information, Bethesda, MD, USA). Sequence alignments were performed for
all samples. We used the ClustalW program for sequence alignment.

Table 2. DNA sequences of the primers used in this study.

Analyte
Forward Primer (5′-3′)
(Nucleotide Position)

Reverse Primer (5′-3′) Base Pairs
Length

GI Identifier

Iron metabolism

DMT1 TTGATTCAGAGCCTCCCATTAG GCGAGGAGTAGGCTTGTATTT 101 206597489
Ferroportin CTCAGCAATCACTGGCATCA ACTGGGCAACTCCAGAAATAAG 98 61098365

DcytB CATGTGCATTCTCTTCCAAAGTC CTCCTTGGTGACCGCATTAT 103 20380692
Hepcidin AGACGACAATGCAGACTAACC CTGCAGCAATCCCACATTTC 132

TRCP1 GAGCAAGCCATGTCAAGATTTC GTCTGGGCCAAGTCTGTTATAG 122 015291382.1

BBM functionality
SI CCAGCAATGCCAGCATATTG CGGTTTCTCCTTACCACTTCTT 95 2246388

SGLT1 GCATCCTTACTCTGTGGTACTG TATCCGCACATCACACATCC 106 8346783
AP CGTCAGCCAGTTTGACTATGTA CTCTCAAAGAAGCTGAGGATGG 138 45382360

18S rRNA GCAAGACGAACTAAAGCGAAAG TCGGAACTACGACGGTATCT 100 7262899

DMT-1, Divalent Metal Transporter–1; DcytB, Duodenal cytochrome b; 18S rRNA, 18S Ribosomal subunit; SI,
Sucrose isomaltase; SGLT-1: Sodium-Glucose transport protein 1; AP, Amino peptidase; TRCP1: Transferrin
Receptor Protein 1; BBM, Brush border membrane.
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2.12. 16S rRNA Gene Amplification and Sequencing

Microbial genomic DNA was extracted from cecal samples using the PowerSoil DNA isolation
kit, as described by the manufacturer (MoBio Laboratories Ltd., Carlsbad, CA, USA). Bacterial 16S
rRNA gene sequences were PCR-amplified from each sample using the 515F-806R primers for the V4
hypervariable region of the 16S rRNA gene, including 12-base barcodes, as previously published [47].
PCR procedure reactions consisted of 25 μL Primestar max PCR mix (Takara Kusatsu, Shiga, Japan),
2 μM of each primer, 17 μL of ultra-pure water, and 4 μL DNA template. Reaction conditions consisted
of an initial denaturing step for 3 min at 95 ◦C followed by 30 cycles of 10 s at 98 ◦C, 5 s at 55 ◦C,
20 s at 72 ◦C, and final elongation at 72 ◦C for 1 min. PCR products were then purified with Ampure
magnetic purification beads (Beckman Coulter, Atlanta, GA, USA) and quantified using a Quant-iT
PicoGreen dsDNA quantitation kit (Invitrogen, Carlsbad, CA, USA). Equimolar ratios of total samples
were pooled and sequenced at the Faculty of Medicine of the Bar Ilan University (Safed, Israel) using
an Illumina MiSeq Sequencer (Illumina, Inc., Madison, WI, USA).

2.13. 16S rRNA Gene Sequence Analysis

Data analysis was performed using QIIME2 [48]. Sequence reads were demultiplexed by
per-sample barcodes and Illumina-sequenced amplicon reads errors were corrected by Divisive
Amplicon Denoising Algorithm (DADA2) [49]. A phylogenetic tree was generated and sequences
were classified taxonomically using the Greengenes [50] reference database at a confidence threshold
of 99%. The Greengenes taxonomies were used to generate summaries of the taxonomic distributions
of features across different levels (phylum, order, family, and genus). Alpha and beta diversity analysis
were calculated based on a feature table with samples containing at least 7026 sequences. Richness
and evenness, alpha diversity parameters, were calculated using the Faith’s Phylogenetic Diversity
and Pielou’s Evenness measures [51]. Beta diversity was analyzed using weighted and unweighted
UniFrac distances [52]. Linear discriminant analysis Effect Size (LEfSe) [53] was used to determine the
features significantly differ between samples according to relative abundances.

Metagenome functional predictive analysis was carried out using phylogenetic investigation of
communities by reconstruction of unobserved states (PICRUSt) [54] software (version 1.1.3). Briefly,
feature abundance was normalized by 16S rRNA gene copy number, identified and compared to
a phylogenetic reference tree using the Greengenes database, and was assigned functional traits
and abundance based on known genomes and prediction using the Kyoto Encyclopedia of Genes
and Genomes (KEGG). Data representing significant fold-change differences in functional pathways
between experimental groups was plotted.

2.14. Morphological Examination

As was previously described [26,46], intestinal samples (duodenal region as the main intestinal
Fe absorption site) were collected at the conclusion of the study and from each treatment group.
Samples were fixed in fresh 4% (v/v) buffered formaldehyde, dehydrated, cleared, and embedded in
paraffin. Serial sections were cut at 5 μm and placed on glass slides. Sections were deparaffinized in
xylene, rehydrated in a graded alcohol series, stained with hematoxylin and eosin, and examined by
light microscopy. Morphometric measurements of villus height, width and goblet cell diameter were
performed with a light microscope using EPIX XCAP software (Standard version, Olympus, Waltham,
MA, USA).

2.15. Statistical Analyses

The in vivo and in vitro results were analyzed by ANOVA using the general linear models
procedure of SAS software (version 9.4, SAS Institute Inc., Cary, NC, USA), and differences between
treatment groups were compared by using the Student’s t-test and values were considered statistically
different at p < 0.05 (values in the text are means ± SEM). For the microbiome results, the Faith’s
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Phylogenetic Diversity and Pielou’s Evenness measures difference between groups were analyzed
by Kruskal–Wallis (pairwise) test. Differences between Weighted/Unweighted UniFrac distances
were analyzed by Pairwise permanova test. Analysis of composition of microbiomes (ANCOM) is a
bioinformatics method to identify features that are differentially abundant (i.e., present in difference
abundances) across sample groups. Significant p-values (p < 0.05) associated with microbial clades
and functions identified by LEfSe were corrected for multiple comparisons using the Benjamini
Hochberg false discovery rate (FDR) correction. Statistical analysis was performed using SAS version
9.3 (SAS Institute, Cary, NC, USA). The level of significance was established at p < 0.05.

3. Results

3.1. Phytate Concentration and Polyphenol Profile in the Bean Flours

The concentration of the five most prevalent polyphenolic compounds found in the bean seed coats
is presented in Table 3. The Fe-standard beans (BRS Perola) presented higher (p < 0.05) concentration of
epicatechin and quercetin 3-glucoside compared to the Fe-biofortified beans (BRS Cometa). There was
no difference (p > 0.05) in the phytate (n = 5) concentration between the Fe-biofortified and Fe-standard
carioca bean flour.

Table 3. Phytate concentration and polyphenol profile (μM) present in common bean flours.

Food Flours
Phytate
(g/100 g)

Polyphenol Profile

Kaempferol
3-Glucoside

Catechin Epicatechin Procyanidin B1
Quercetin

3-Glucoside

BRS Perola (Fe-standard) 1.05 ± 0.03 17.3 ± 1 26.1 ± 1.3 12.8 ± 1.7 * 1.4 ± 0.2 0.2 ± 0.1
BRS Cometa (Fe-biofortified) 1.08 ± 0.005 16.2 ± 1.1 25.9 ± 4.6 11 ± 1.4 1.2 ± 0.2 -

Values are means ± SEM. * Statistical difference by t-test at 5% of probability (p = 0.0451).

3.2. Dietary Fiber and Protein Concentration in the Bean Flours

There was no difference (p > 0.05) in the insoluble, soluble and total dietary fiber. However,
the protein concentration is higher (p < 0.05) in the Fe-biofortified bean (BRS Cometa) compared to the
Fe-standard bean (BRS Perola) (Table 4).

Table 4. Dietary fiber and protein concentration in the beans (g/100 g).

Beans Insoluble Fiber Soluble Fiber Total Fiber Total Protein

BRS Perola (Fe-standard) 20.80 ± 0.02 3.77 ± 1.03 24.56 ± 1.05 24.15 ± 0.44
BRS Cometa (Fe-biofortified) 18.71 ± 0.94 4.85 ± 0.33 23.55 ± 1.27 29.01 * ± 0.29

* Statistical difference by t-test (p = 0.0001).

3.3. In Vitro Assay (Caco-2 Cell Ferritin Formation)

Ferritin, the cellular Fe storage protein was used as an indicator of Fe bioavailability [42,43].
Ferritin concentrations were significantly higher in cells exposed to the Fe-biofortified (BC) bean based
diet versus the Fe-standard (SC) bean based diet (p < 0.05, n = 6, Table 5). These results indicate greater
amounts of bioavailable Fe in the Fe-biofortified bean based diet.

Table 5. Ferritin concentration in Caco-2 cells exposed to samples of bean based diets, and additional
meal plan ingredients 1−2.

Tested Sample Ferritin (ng/mg of Protein)

Tested Diets
Standard Fe diet (SC) (40.4 ± 1.8 μg/g diet) 5.04 ± 0.37

Biofortified Fe diet (BC) (47.0 ± 1.5 μg/g diet) 6.10 ± 0.29 *
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Table 5. Cont.

Tested Sample Ferritin (ng/mg of Protein)

Ingredients
BRS Perola (Fe-standard bean) (64.3 ± 0.5 μg/g bean) 7.87 ± 1.15 d

BRS Cometa (Fe-biofortified bean) (84.9 ± 2 μg/g bean) 5.74 ± 0.34 d

Potato flour (12.8 ± 0.4 μg/g flour) 21.74 ± 0.83 a

Pasta flour (13.8 ± 1.0 μg/g flour) 12.79 ± 0.60 b

Corn flour (31.3 ± 4.7 μg/g flour) 10.38 ± 0.94 c

Rice flour (4.2 ± 0.8 μg/g flour) 6.12 ± 1.02 d

1 Caco-2 bioassay procedures and preparation of the digested samples are described in the materials and methods sections.
2 Cells were exposed to only MEM (minimal essential media) without added food digests and Fe (n = 6). All samples
were run in the same experiment. a–d Values are means ± SEM. Different letters indicate statistical differences at 5%
by Newman–Keuls test. * Indicates statistical differences at 5% by t-test between the experimental diets.

3.4. In Vivo Assay (Gallus Gallus Model)

3.4.1. Growth Rates, Hb, Hb-Fe, and HME

The feed intake and the Fe intake were higher (p < 0.0001) in the BC group (average consumption
of 56.49 g diet/day ± 0.8) and cumulative (day 42) Fe intake of 111.3 mg Fe ± 1.5, compared to the SC
group (average consumption of 51.06 g diet/day ± 2.1), and cumulative (day 42) Fe intake of 86.9 mg
Fe ± 3.3. In addition, as from day 14 of the study, body weights were consistently higher (p < 0.05) in
the group receiving the Fe-biofortified bean diet versus the group receiving the standard bean diet
(Figure 1A). There were no significant differences (p > 0.05) in the hemoglobin concentrations between
the treatments at any time point (Figure 1B). As from day 21, the total body Hb-Fe was significantly
greater in the group receiving the Fe-biofortified carioca bean (p < 0.05, Figure 1C). However, no
differences in HME values were measured between the groups (p > 0.05, Figure 1D)

Figure 1. Fe-related parameters assessed during the study. (A): Body weight (g); (B) Blood hemoglobin
concentration (g/L); (C): Total body Hb-Fe (mg); (D): Hemoglobin maintenance efficiency (%). Values
are means ± SEM. * Statistical difference by t-test at 5% of probability. SC: Fe-standard carioca bean
diet; BC: Fe-biofortified carioca bean diet.
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3.4.2. Gene Expression of Fe—Related and BBM Functional Proteins

Relative to 18S rRNA, duodenal gene expression of ferroportin was significantly elevated (p < 0.05)
in the group receiving the Fe-biofortified carioca bean based diet (BC) (Figure 2). However, no
significant differences (p > 0.05) in the expression of the other Fe-related proteins were observed
between treatment groups (Figure 2).

Figure 2. Duodenal and liver mRNAgene expression of Fe-related proteins collected on day 42.
Changes in mRNA expression are shown relative to expression of 18S rRNA in arbitrary units (AU,
* p < 0.05). SC: Fe-standard carioca bean diet; BC: Fe-biofortified carioca bean diet; DMT1: Divalent
Metal Transporter 1; DcytB: Duodenal cytochrome b; SI: Sucrose isomaltase; SGLT1: Sucrose isomaltase
1; AP: Amino peptidase; TRCP1: Transferrin Receptor Protein 1.

3.4.3. Morphometric Measurements

The BC group presented higher (p < 0.0001) villi height (Figure 3A) and diameter (Figure 3B)
compared to the SC group. This serves as a mechanical measurement of brush border membrane
absorptive ability and improvement in brush border membrane functionality and overall gut health [46].
It indicates that the consumption of Fe biofortified carioca beans could lead to a proliferation
of enterocytes.

Figure 3. Effect of Standard and Biofortified diets on the duodenal small intestinal parameters:
(A) Intestinal villi height (μM); (B) Intestinal villi diameter. SC: Fe-standard carioca bean diet; BC:
Fe-biofortified carioca bean diet. Values are means ± SEM, n = 5. * Statistical difference by t-test
(p < 0.0001).
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There were no significant differences (p > 0.05) in goblet cells (mucus producing and secreting
cells) number per intestinal villi. However, the goblet cell diameter was slightly higher (p < 0.05) in the
SC group (4.74 μM ± 2.03) compared to the BC group (4.56 μM ± 1.84).

3.4.4. Microbial Analysis

Comparisons were made between Fe-biofortified carioca bean diet (BC) and Fe-standard carioca
bean diet (SC) beans groups. Cecal contents samples from the standard and biofortified varieties were
collected and used for bacterial DNA extraction and sequencing of the V4 hypervariable region in the
16S rRNA gene. The contents of the cecum highly diverse and abundant microbiota and represent the
primary site of bacterial fermentation [55].

The diversity of the cecal microbiota between the standard carioca bean (SC) and biofortified
carioca bean (BC) was assessed initially through measures of α and β-diversity. Faith’s phylogenetic
diversity, used to assess α-diversity (Figure 4A), was not significant between SC and BC groups
(p > 0.05). We utilized unweighted UniFrac distances as a measure of β-diversity to assess the effect
of BC diet on between-individual variation in bacterial community (Figure 4B). Principal coordinate
analysis showed statistically significant difference in clustering between the BC and SC groups,
suggesting that individual samples were more similar to other samples within the same group,
as opposed to samples of the other group (p > 0.05). Furthermore, individual samples of the BC group
clustered significantly closer to each other than did members of the SC group (p < 0.05).

Figure 4. Microbial diversity of the cecal microbiome in Carioca diet. SC: Fe-standard carioca bean
diet; BC: Fe-biofortified carioca bean diet. (A) Measure of α-diversity using the Faith’s Phylogenetic
Diversity; and (B) Measure of β-diversity using unweighted UniFrac distances separated by the first
three principal components (PCoA). Each dot represents one animal, and the colors represent the
different treatment groups within Carioca beans (red = SC; green = BC).

Following α and β-diversity, we conducted a taxon-based analysis of the cecal microbiota. 16S
rRNA gene sequence revealed that >98% of all bacterial sequences in both treatment groups of the
carioca variety. Both of the treatment groups were dominated by two major phyla: Firmicutes and
Proteobacteria, whereas sequences of Tenericutes and Verrucomicrobia were also identified, but in
much lower abundance. After FDR correction, there were no significant differences between groups at
the genus level for the carioca variety (Figure 5A,B). As in the human gut [56], the Firmicutes phyla
vastly predominated in the Gallus gallus cecum [57].
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Figure 5. Compositional changes of gut microbiota in response to a Carioca standard versus biofortified
diet. SC: Fe-standard carioca bean diet; BC: Fe-biofortified carioca bean diet. (A) Phylum level changes
in the BC and SC groups as measured at the end of the study (day 42). Only phyla with abundance
≥1% are displayed; (B) Genus level changes in the BC and SC groups as measured at the end of the
study (day 42). Only genera with abundance ≥5% are displayed.

The final analysis investigation of relative abundances at all taxonomic levels with carioca
beans was carried out using the linear discriminant analysis effect size (LEfSe) method to investigate
significant bacterial biomarkers that could identify differences in the gut microbiota of SC and BC
groups [53]. Figure 6A,B present the differences in abundance between groups at the various taxonomic
levels, with their respective LDA (Linear discriminant analysis) scores. We observed a general
taxonomic delineation between the SC and BC groups, whereby the SCFA-producing Firmicutes
predominated in the BC groups. Specifically, Eggerthella lenta (LDA score = 3.65, p = 0.011) and
Clostridium piliforme (LDA = 3.90, p = 0.006); there were members of the Coriobacteriaceae (LDA = 3.65,
p = 0.011), Dehalobacteriaceae (LDA = 3.52, p = 0.044), Lachnospiraceae (LDA = 3.90, p = 0.006) were
significantly enriched in the BC group. In the SC group, however, members of the Firmicutes,
Tenericutes and Proteobacteria were the predominantly-enriched phyla. Specifically, Ruminococcus albus
(LDA score = 3.72, p = 0.017), and members of the Oscillospira (LDA score = 4.41, p = 0.044) and
Clostridium (LDA score = 3.75, p = 0.006) genera were significantly enriched in the SC group.
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4. Discussion

In studies of Fe biofortification, there is a clear need and advantage to have in place screening tools
capable of evaluating biofortified lines of staple food crops, both individually and in the context of
the diet for which they are consumed [4,7,36]. The present study, therefore evolved as an opportunity
to demonstrate how the in vitro digestion/Caco-2 cell model and the Gallus gallus in vivo model of
Fe bioavailability could be applied in the design of an Fe bioavailability study aimed at assessing
the Fe bioavailability of Fe biofortified versus standard carioca beans. The diets that were used were
specifically formulated according to the Brazilian dietary survey [45] (Table 1). Overall, the data
presented in this manuscript are in agreement with previously published research [4,19,22], indicating
that this dual in vitro/in vivo screening approach is effective in the assessment of Fe bioavailability of
Fe biofortified beans.

The in vivo results showed that although Hb levels were not significantly increased in the Fe
biofortified carioca bean group, significant differences in total body Hb-Fe, a sensitive biomarker of
dietary Fe bioavailability and status [58], were observed starting on week four of the study (Figure 1),
indicating on an improvement in Fe status in the Fe biofortified group. In addition, the animals
receiving the standard bean variety had a higher HME at each time point when compared to the
group receiving the Fe biofortified carioca beans, indicating an adaptive response (e.g., a relative
up-regulation of absorption) to less absorbable dietary Fe [4,22,23,39]. The Fe-biofortified carioca bean
diet presented higher Fe content and lower PA: Fe ratio compared to the Fe-standard carioca bean diet
(Table 1), which could contribute to the higher dietary Fe bioavailability of this group [59–61].

Additionally, the in vitro assay (Table 5) further supported the in vivo findings. Ferritin values
in cells exposed to the Fe-biofortified bean variety only, were low and similar to ferritin values in
cells exposed to the standard bean variety only. In contrast, once the Fe biofortified bean variety was
included in the experimental bean based diet, an increase in ferritin formation was observed relative
to cells exposed to the standard bean based diet. This could be due to the higher Fe content and the
lower PA: Fe ratio presented in the Fe-biofortified bean based diet, but can also be attributed to the
other dietary ingredients, and their potential effect on dietary Fe bioavailability.

These results are in agreement with previous studies aimed at assessing the Fe promoting effects
of Fe-biofortified black beans [19], red mottled beans [37] and pearl millet [22]. Thus, since a number
of intrinsic factors, including polyphenol compounds and phytates, may influence the bioavailability
of Fe from these beans and other crops [4,17,20,24], and limit their nutritional benefit. This suggests
that increased bean Fe concentration alone may not be sufficient to yield significant physiological
improvements in Fe status. In this context, it is important to note that in addition to increased Fe
content, the Fe-biofortified bean variety had a higher protein content (p < 0.05, Table 4), this may further
affect the nutritional benefit of this bean variety. Current results are in agreement with recent research
indicating that dietary ingredients as potato may enhance the Fe absorption when consumed with
beans, whereas other foods consumed with beans, as rice, might negatively affect Fe bioavailability
(in vitro) [11].

Previous studies have shown a higher concentration of polyphenolic compounds (PP) and phytate
in the Fe-biofortified beans compared to the Fe-standard beans [11,19,62]. However, in the current
study the Fe-biofortified carioca bean presented lower concentrations of some PPs and no difference in
the phytate concentration compared to the Fe-standard carioca bean (Table 3). This is an interesting
finding since the PPs and phytate are known as strong inhibitors of Fe bioavailability [19,23,24,63].
Thus, this Fe-biofortified variety could be a more effective vehicle for the Fe biofortification program.
This point was demonstrated, as the totality of the results indicated that the Fe biofortified carioca bean
based diet was moderately effective at increasing the bioavailable and therefore absorbable dietary Fe
both in vitro and in vivo.

Further, the duodenal gene expression of ferroportin (FPN) was significantly elevated in the
group receiving the Fe-biofortified bean diet (p < 0.05, Figure 2). However, no significant differences in
the expression of the other Fe-related and brush border membrane functional proteins were observed
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between treatment groups. In contrast, some studies have shown a down-regulation of the gene
expression of these proteins (DMT-1, ferroportin and Dcytb) in Fe-biofortified diets compared to the
Fe-standard diets [4,22,37,64]. Ferroportin is an Fe exporter protein that transfer the Fe across the
basolateral membrane of the enterocyte [34]. Thus, since the BC group presented a higher expression
of FPN, more Fe can be released from the enterocyte into the blood circulation, therefore, this
mechanism suggests increased amounts of absorbable Fe, hence, the total body Hb-Fe increased
in the Fe biofortified group compared to the standard.

As is the case in humans and the vast majority of animals, the Gallus gallus model harbor a complex
and dynamic gut microbiota [65], heavily influenced by host genetics, environment and diet [66]. There
is considerable similarity at the phylum level between the gut microbiota of Gallus gallus and humans,
with Bacteroidetes, Firmicutes, Proteobacteria, and Actinobacteria representing the four dominant
bacterial phyla in both [67]. In the current study, a general taxonomic delineation between the SC and
BC group was observed, whereby the SCFA-producing Firmicutes predominated in the BC group.
Specifically, Eggerthella lenta and Clostridium piliforme (Figure 6B). The increase in the SCFA-producing
bacteria could lead to an increased SCFA concentration in the intestinal lumen, which in return can
promote intestinal cell proliferation [68], as was observed in the BC group that presented an increase
in duodenal villi height (Figure 3). This observation is in agreement with previous research indicating
that duodenal villi height was significantly increased due to dietary fiber (as xylooligosaccharides) that
have led to increased SCFA bacterial production in vivo [69]. Also, the Fe-biofortified bean presented
a higher, although not significant, soluble fiber content compared to the Fe-standard bean (Table 4).
Soluble fiber can increase the villi height by increasing the intestinal cell proliferation [70] (Figure 3).

In addition, and as was mentioned above, the Fe-biofortified bean presented higher (p < 0.05)
protein content compared to the Fe-standard bean (Table 4), a higher protein contented in a diet was
shown increase villi height and intestinal cell proliferation [71]. Undigested dietary proteins and fibers
are fermented in the intestine and this fermentation process produces SCFAs (mainly composed by
acetate, propionate, and butyrate). Functionally, SCFAs affect the metabolism and gut health [72].
Acetate and propionate are energy substrates for peripheral tissues and butyrate is preferentially used
as an energy source by colonic epithelial cells [73,74].

In this study, the abundance of members of the Coriobacteriaceae, specially Eggerthella lenta and
Lachnospiraceae were enriched in the BC group (Figure 5B). These results demonstrate a potential
beneficial effect of the Fe-biofortified bean diet on the intestinal microbial composition, since
these microorganisms can improve the host health [75,76]. Lachnospiraceae is a butyrate producer
family [75]. This short chain fatty acid (SCFA) is an energy source of colonocytes and it stimulates the
immunogenicity of cancer cells [76]. Coriobacteriacea acts on the conversion of bile salts and steroid
hormones, and the Eggerthella lenta was recently found to reductively cleave the heterocyclic C-ring
of the epicatechin and catechin [77], and the breakdown product (3-(3,4-dihydroxyphenyl) propionic
acid) presents anti-inflammatory effects [78]. This result is especially important since in general,
carioca beans present these flavonoids (Table 3), thus they can be metabolized by the bacteria from the
BC group.

Further, one of the aims of this study was to determine whether ingestion of an Fe biofortified diet
would lead to an increased pathogenic bacterial load in the gut microbiota. Dietary Fe supplementation
has been associated with an inflammatory-promoting gut microbiota, most likely due to the increased
presence of luminal Fe [79], subsequent generation of free radicals, and ensuing epithelial stress and
microbial dysbiosis [80]. Many of the nutritional methods used to combat Fe deficiency, such as Fe
supplementation and Fe fortification, induce dysbiotic conditions and an expansion of pathogenic
bacteria in the gut microbiota of subjects receiving Fe replete diets [79,81]. In contrast to these findings,
we did not observe significant increase in pathogenic taxa in the BC group that have been previously
associated with dietary Fe intake (e.g., Salmonella and other Enterobacteria) [81]. Therefore, this
finding suggests that the use of biofortified beans instead of Fe fortification or Fe supplementation
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can be an effective and potentially sustainable strategy to reduce the Fe deficiency, with additional
improvement in the gut bacterial populations.

Overall, we demonstrate in vitro that the potential consumption of the Fe-biofortified bean in
a food basket context may increase the Fe uptake. The in vivo analyses demonstrated a significant
remodeling of the gut microbiota in animals receiving a Fe-biofortified diet, which also presented
higher amount protein. This microbiota remodeling increased the SCFA-producing bacteria abundance,
improving the morphometric parameters (villi height), and increasing the intestinal absorptive surface
area, these findings can potentially lead to increased Fe bioavailability and uptake. Therefore, under
these experimentalal conditions, the results suggest that the consumption of the Fe biofortified carioca
bean with other staple foods (i.e., food basket), increased Fe bioavailability, improved Fe status,
and improved the composition and function of the gut microbiota. Understanding the effect of Fe
biofortification on the gut microbiota may help to further biofortification efforts by improving the
safety and efficacy profile of the food crop, as we understand more about the relationship between
biofortified diets and the resident gut microbiota.

5. Conclusions

Nutritional methods aimed to alleviate global Fe deficiency, such as Fe supplementation or
Fe fortification, have been moderately efficacious at attaining optimal Fe status. However, any
improvement in serum Fe levels comes at the expense of decreased gut health in the form of dysbiosis
and infection. This study showed how Fe-biofortification affects the composition and metagenome of
the gut microbiota and intestinal function. Animals (Gallus gallus) that consumed the Fe biofortified
carioca bean-based diet had less abundance of pathogenic bacteria, with concomitant increases
in SCFA-producing bacteria that have known phenolic catabolic capacity, which have led to an
improvement in intestinal morphology. In addition, and for the first time, the Fe-biofortified carioca
bean presented similar concentration of phytate and polyphenols, yet, a higher protein content, in
comparison to the Fe-standard bean, which potentially can increase the Fe bioavailability, and intestinal
functionality, respectively.

Further and similar to previous data, the current research suggests that increased Fe content may
not necessarily result in an increased absorbable Fe, and a key factor is the measurement of dietary Fe
bioavailability in Fe biofortified crop varieties based diets, and as part of the breeding process.

Collectively, the findings presented here provide evidence that, unlike other nutritional methods
of increasing Fe status, the Fe biofortification appear to improve the gut microbiota, and they
raise the possibility that this strategy can further improve the efficacy and safety of the crop Fe
biofortification approach. We suggest the utilization of the discussed in vitro and in vivo screening
tools to guide studies aimed to develop and evaluate Fe biofortified staple food crops, and their
potential nutritional benefit.
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Abstract: Vitamin D deficiency has been shown to affect iron status via decreased calcitriol production,
translating to decreased erythropoiesis. The present study aimed to determine for the first time
whether vitamin D supplementation can affect iron levels among Arab adolescents. A total of 125
out of the initial 200 Saudi adolescents with vitamin D deficiency (serum 25(OH)D < 50 nmol/L)
were selected from the Vitamin D-School Project of King Saud University in Riyadh, Saudi Arabia.
Cluster randomization was done in schools, and students received either vitamin D tablets
(1000 IU/day) (N = 53, mean age 14.1 ± 1.0 years) or vitamin D-fortified milk (40IU/200mL) (N = 72,
mean age 14.8 ± 1.4 years). Both groups received nutritional counseling. Anthropometrics, glucose,
lipids, iron indices, and 25(OH)D were measured at baseline and after six months. Within group
analysis showed that post-intervention, serum 25(OH)D significantly increased by as much as 50%,
and a parallel decrease of −42% (p-values <0.001 and 0.002, respectively) was observed in serum
iron in the tablet group. These changes were not observed in the control group. Between-group
analysis showed a clinically significant increase in serum 25(OH)D (p = 0.001) and decrease in iron
(p < 0.001) in the tablet group. The present findings suggest a possible inhibitory role of vitamin D
supplementation in the iron indices of healthy adolescents whose 25(OH)D levels are sub-optimal
but not severely deficient, implying that the causal relationship between both micronutrients may be
dependent on the severity of deficiency, type of iron disorder, and other vascular conditions that are
known to affect hematologic indices. Well-designed, randomized trials are needed to confirm the
present findings.

Keywords: serum iron; vitamin D; adolescents; Arab; vitamin D supplements

1. Introduction

Through the last decade, vitamin D has gained considerable interest in health and biomedical
research [1]. Globally, vitamin D deficiency is widespread and is considered a pandemic [2]. The Middle
East and North African regions, including the Kingdom of Saudi Arabia (KSA), are not spared from
this micronutrient deficiency, and in fact have among the highest rates of vitamin D deficiency in
the world [3,4]. Among the most common risk factors for vitamin D deficiency in the Middle-East
include female gender and their clothing style, multi-parity, sedentary lifestyle, urban living and
socio-economic status for adults, and longer than average breastfeeding as well as low dietary
vitamin D and calcium intake in children [5].

Vitamin D is involved in the proliferation and differentiation of bone marrow stem cells and
may play a role in red cell production [6]. Vitamin D can also potentially affect circulating iron
status by promoting erythropoiesis and by suppressing hepcidin expression [6]. Lower levels

Nutrients 2018, 10, 1870; doi:10.3390/nu10121870 www.mdpi.com/journal/nutrients145



Nutrients 2018, 10, 1870

of pro-inflammatory cytokines and hepcidin increases iron bioavailability for erythropoiesis and
hemoglobin synthesis by preventing iron sequestration in macrophages [7]. On the other hand,
iron deficiency damages intestinal absorption of fat soluble vitamins, including vitamin D [8].

Similar to vitamin D deficiency, iron deficiency is also endemic and is, in fact, the most common
micronutrient deficiency globally [9]. Adolescent girls are at high risk for iron deficiency because of diet
and blood loss during menstruation [10]. Furthermore, according to the World Health Organization,
the two main risk target groups for iron deficiency are pre-school children and young women [11,12].
It is also highly prevalent in infants, adolescents, and pregnant women and is believed to account
for 75% of all types of anemia in the world, affecting 30% of population [13]. In the Middle East,
the prevalence of anemia among women of child-bearing age is 47% in Egypt, 16% in Lebanon, 26.7% in
the United Arab Emirates (UAE), and 40% in KSA [14].

Several cross-sectional studies confirm the association of vitamin D status and serum iron. In a
large-scale study involving 2526 Korean children and adolescents, they observed that the occurrence of
both vitamin D deficiency and anemia were significantly higher in females than males and concluded
that the positive correlation between vitamin D and iron may be through the suppressive action
of vitamin D in decreasing levels of hepcidin, an iron regulatory hormone [15]. Their results were
consistent with the previous observations of Smith and colleagues among African Americans [7].

To date, observational and functional studies suggest a positive relationship between vitamin D
status and serum iron, but interventional studies are lacking to prove causality. The recent
meta-analysis of Azizi-Soleiman and colleagues indicated that iron supplementation trials conducted
so far failed to improve vitamin D status [16], and limited data is available whether the reverse is
true. Thus, the present interventional study aims to determine for the first time whether a vitamin D
supplementation of six months duration can influence iron status among vitamin D deficient Saudi
Arab adolescents.

2. Materials and Methods

2.1. Study Design and Participants

This was a 6-month follow up study involving 200 apparently healthy Saudi adolescents (100 boys
and 100 girls) aged 13–17 years (overall mean age 14.1 ± 1.1 years; overall mean body mass index
(BMI) 21.2 ± 0.8 kg/m2) with known vitamin D deficiency (serum 25(OH)D < 50 nmol/L) [17] at
baseline and without medical conditions, such as asthma, hypertension, diabetes, liver, and renal
diseases. The participants were taken from the Vitamin D School Project database of the Prince Mutaib
Chair for Biomarkers of Osteoporosis (PMCO), King Saud University in Riyadh, Saudi Arabia [18,19].

In brief, the Vitamin D School Project is a collaborative project between King Saud University and
the Ministry of Education in Riyadh, Saudi Arabia, ascertaining the beneficial effects of 1000 IU/day
vitamin D supplementation and other vitamin D correction strategies, including vitamin D-fortified
milk consumption and overall public health awareness in raising vitamin D levels. The project database
includes information on more than 1000 students and teachers recruited from 34 different schools in the
central region of Riyadh during winter-spring season (November–May 2014–2015), when sun exposure
for optimum vitamin D3 production in Riyadh was observed to be shorter (10 A.M.–before 2 P.M.)
than summer (9 A.M.–3 P.M.) [20]. Government-run school hours were from 6:30 A.M. until 1–2 P.M.,
Sunday-Thursday. Cluster randomization was done in the 34 schools. This type of randomization
was done to prevent ‘contamination of allocation’, defined as participants in the control group being
aware of the interventions given in the test group and adopting it themselves [21]. In the case of the
present study, contamination of allocation can occur if both groups are in the same school, since the
students in the control group can be influenced by peers/classmates to switch to the tablet group
instead. Students from schools assigned to the milk (control) group were allocated to receive daily
200 mL of milk (per 100 mL contains 4.52 g carbohydrates, 3.22 g proteins, 3.0 g fats, 113 mg calcium,
40 IU of vitamin D, 102 IU of vitamin A, and 58 kcal) for 6 months. The milk provided was previously
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shown to have no effects in serum 25(OH)D levels [18]. Students from schools assigned to the tablet
group received 1000 IU/day vitamin D supplementation (VitaD1000®, Synergy Pharma, Dubai, UAE)
daily for 6 months. These interventions were monitored by their respective teachers and parents who
were assigned to ensure that they were carried out daily in schooldays and weekends, respectively,
for the entire duration of the study. Ethical approval was obtained from the Ethics Committee of the
College of Science Research Center, King Saud University, Riyadh, Saudi Arabia (Ref No. 15/0502/IRB;
Project No. E-15-1667), in accordance with the principles in the Declaration of Helsinki, as well as with
the guidelines on good clinical practice. Prior to inclusion in the study, written informed consent was
acquired from parents, as well as assent from the students.

The cohort used in the present study were randomly selected from the school database of 2 groups
(tablet group (N = 100); milk (control) group (N = 100)). Baseline characteristics of both groups are
found in Supplementary Table S1. From the baseline assessment, significant differences were found in
the prevalence of severe vitamin D deficiency (25(OH)D < 25 nmol/L) (tablet, 47%, versus control, 28%;
p = 0.01) as well as baseline serum iron (p < 0.001), making the groups incomparable for prospective
analysis. As extremely low levels of 25(OH)D can alter the overall metabolic profile, participants with
severe vitamin D deficiency (25(OH)D <25nmol/L) were excluded in the analysis (N = 28 from the
control, and N = 47 from the tablet group). The final overall sample size was N = 125. A flowchart has
been provided in Figure 1.

 

Figure 1. Study flowchart. VDD, vitamin D deficiency.
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2.2. Anthropometric and Biochemical Assessment

Information on anthropometrics (height, weight, body mass index, waist and hip circumference,
waist-hip ratio, systolic and diastolic blood pressure) were extracted from the database to include
values at baseline and after 6 months intervention. Anthropometrics were taken by an assigned
research physician using a standard scale (Digital Pearson Scale, ADAM Equipment Inc., Oxford,
CT, USA) for the assessment of height (cm) and weight (kg) measured in light clothing and without
shoes. Waist and hip circumferences were measured using standard tape measure. Blood pressure
(mmHg) was measured twice using a mercurial sphygmomanometer and the appropriate pediatric
cuff. The average was noted. Body mass index (kg/m2) and waist-hip ratio (WHR) were calculated
accordingly. Biochemical parameters for baseline and after 6 months, such as glucose, lipid profile
(triglycerides, total cholesterol, LDL- and HDL-cholesterol), and calcium, were also retrieved from the
database. Morning blood extraction was done twice (at baseline and after 6 months) for each participant
after fasting for 8 h. Blood samples were centrifuged and delivered immediately in pre-labeled plain
tubes, placed on ice, to King Saud University in Riyadh, Saudi Arabia, for storage and routine analysis
using a biochemical analyzer (Konelab, Espoo, Finland).

2.3. Vitamin D and Iron Indices

Serum 25(OH) D was measured using COBAS e-411 automated analyzer (Roche Diagnostics,
Indianapolis, IN, USA) in a DEQAS-certified laboratory (PMCO). Colorimetric ferrozine-based assay
was used to measure iron and total iron-binding capacity in serum samples using a spectrophotometer.
Transferrin saturation (%) was calculated as serum iron (μg/L)/total iron-binding capacity (TIBC)
(μg/L) × 100.

2.4. Data Analysis

A G*power calculator was used for sample size determination. Using repeated measurement
analysis, the observed effect size was 0.40 for a total sample size of 125, and the actual observed
power was >0.85. Data were analyzed using SPSS (version 21) (IBM, Armonk, New York, USA).
Continuous data were presented as mean ± standard deviation (SD) for variables following
Gaussian variables, and non-Gaussian variables were presented in median (minimum-maximum).
All continuous variables were checked for normality using Kolmogorov-Smirnov test, and non-normal
variables were log-transformed. Categorical variables were presented in percentages (%) and
Chi-square tests were performed. Independent t-test and paired t-test were used to check mean
differences between group and time points respectively. Repeated measures analysis of co-variance
(ANCOVA) was done to compare control and tablet groups. A p-value of <0.05 was considered
statistically significant.

3. Results

Table 1 shows the general characteristics of the control and tablet groups after exclusion of
participants with severe vitamin D deficiency at baseline. The control group had a higher systolic
blood pressure than the tablet group, although this was borderline significant (p = 0.053). The rest of
the baseline anthropometrics, biochemical indices, as well as serum 25(OH)D, calcium and iron indices
were not significantly different between groups.
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Table 1. Baseline characteristics of intervention and control groups.

Parameter Tablet Control p-Value

N 53 72
Males (%) 30 (56.6) 40 (55.6) 0.68

Anthropometrics

Age (years) 14.1 ± 1.0 14.8 ± 1.4 0.09
BMI (kg/m2) 22.8 ± 5.8 22.9 ± 6.2 0.96

Waist circumference (cm) 78.2 ± 15.8 80.1 ± 16.8 0.60
Hip Circumference (cm) 92.3 ± 13.8 94.5 ± 15.9 0.50

Waist-Hip Ratio 0.80 ± 0.1 0.80 ± 0.1 0.98
Systolic Blood Pressure (mmHg) 116.2 ± 12.9 122.5 ± 16.6 0.05
Diastolic Blood Pressure (mmHg) 70.6 ± 11.6 71.1 ± 13.6 0.88

Routine Biochemical Indices

Glucose (mmol/L) 5.2 ± 0.6 5.4 ± 0.7 0.17
Triglycerides (mmol/L) 1.2 ± 0.6 1.3 ± 0.6 0.43

Total Cholesterol (mmol/L) 4.7 ± 0.8 4.5 ± 1.0 0.22
LDL-Cholesterol (mmol/L) 2.9 ± 0.7 2.5 ± 0.8 0.06
HDL-Cholesterol (mmol/L) 1.1 ± 0.3 1.3 ± 0.3 0.10

Calcium (mmol/L) 2.0 ± 0.1 1.9 ± 0.3 0.11

Vitamin D and Iron Indices

25(OH)D (nmol/L) 34.6 ± 6.4 37.2 ± 7.5 0.09
Iron (μmol/L) # 18.2 (3–41) 21.5 (8–39) 0.09

Transferrin Iron-Binding Capacity (μmol/L) # 83.4
(19–102) 83.6 (28–99) 0.35

Transferrin Saturation (%) # 23.9 (3–71) 26.3 (2–70) 0.91

Note: # presented as median (interquartile range); p-value significant at <0.05.

Table 2 shows the changes in the anthropometrics and routine biochemical indices over time.
Within-group comparisons in the tablet group showed significant increases in waist circumference
(p = 0.01) and waist-hip ratio (p < 0.001). There was also a significant decrease in glucose levels
(p = 0.038) and triglycerides (p = 0.015) over time, parallel to the improvement, although borderline
significant, in high density lipoprotein (HDL)-cholesterol levels (p = 0.06). Within-group comparison
in the control group showed an overall increase in anthropometrics, including weight (p = 0.006),
BMI (p = 0.09), hips (p = 0.049), and waist-hip ratio (p = 0.011). There was also a significant decrease in
HDL-cholesterol levels over time in the control group (p = 0.008). Between-group comparisons showed
a clinically significant difference in systolic blood pressure (p = 0.006), glucose (p = 0.029), triglycerides
(p = 0.059), and HDL-cholesterol (p = 0.005) in favor of the tablet group. The rest of the between-group
comparisons were not significant (Table 2).

Table 3 shows the effects of vitamin D supplementation in vitamin D status and iron indices over
time. Within-group comparison showed a significant increase in 25(OH)D levels in the tablet group by
as much as 50% (p < 0.001). Also in the tablet group, a significant decrease in iron levels was observed
(−42%; p = 0.002), as well as in transferrin saturation (p = 0.01), parallel to the significant increase
in TIBC (8.5%; p = 0.01). No significant changes were found in the control group. Between-group
comparisons revealed a clinically significant increase in 25(OH)D levels in favor of the tablet group
(p = 0.001) as well as a clinically significant reduction in iron (p < 0.001) and transferrin saturation
levels (p = 0.005) (Table 3).
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4. Discussion

The present interventional study evaluated the changes in circulating serum iron levels and other
iron indices in a cohort of Saudi adolescents with suboptimal vitamin D levels before and after six
months of daily 1000 IU vitamin D supplementation, as compared to controls. The present study is
the first among Arab adolescents in prospectively determining the association between vitamin D
and iron status. Among the highlights of the study are the clinically significant decrease in serum
iron and transferrin saturation levels post-intervention in the tablet group, parallel to the significant
improvements observed in blood pressure, glucose, and selected lipids, also in favor of the tablet group.

The counterintuitive effect of vitamin D supplementation in serum iron levels observed in the
present study is in alignment with the observations of Doudin and colleagues conducted among
>5000 healthy German adolescents of similar age groups, in that vitamin D levels seems to have an
inhibitory role in hematological parameters, including hemoglobin where the bulk of iron is stored [22].
On the other hand, the clinical trial done by Madar and colleagues on healthy adults found that
while four months of vitamin D3 (25 μg or 1000 IU) supplementation did not significantly affect
any of the iron markers, the observed percentage changes post-intervention in hemoglobin (−0.6%),
ferritin (−35%), and iron (−5.9%) were all trending downwards, similar to the present study [23].
Other clinical trials also found no significant changes in iron indices among healthy adults despite
mega-doses of vitamin D3 [24,25]. Jastrzebska and colleagues have even taken into consideration the
influence of physical activity and intermittent training since it can potentially affect vitamin D and iron
metabolism, yet no significant differences were still found in the hematological parameters (Hb, Hct,
and ferritin) of athletes given 5000 IU of vitamin D daily for eight weeks over those who did not receive
supplementation [26]. All these previous studies, including the present one, suggest that vitamin D
correction is unlikely to improve, if not reduce, iron indices, at least in apparently healthy populations.

Given the negative results of previous clinical trials among healthy subjects and the inhibitory
effects found in the present study, it appears that the role of vitamin D supplementation in improving
iron stores may be limited to those with certain metabolic conditions, such as those with poor vascular
and renal function [27,28]. Suboptimal levels of both vitamin D and iron are biomarkers of ill health,
and the hypothetical association appears to be reciprocal, as clinical observations demonstrated the
role of 1, 25(OH)D in erythropoiesis, and the participation of iron is essential in the second activation
of vitamin D in order to be functional [29,30]. The effect of vitamin D in reducing iron levels as
observed in the present study, at least in participants who are apparently healthy and with no known
vascular diseases, seem to support the mechanistic role of vitamin D as a chemopreventive agent in
inhibiting erythropoiesis and angiogenesis, that in turn, suppresses proliferation of certain types of
cells, including cancer cells [31].

Other findings include a general improvement in glucose and select lipids in favor of the tablet
group. The mean serum vitamin D also significantly increased and almost reached a sufficient level
(vitamin D ≥ 50 nmol/L) at follow-up. These changes were in alignment with previous vitamin D
studies done in the KSA adolescent population [18,19]. Changes in selected anthropometric measures
in both groups can be partially explained by dietary intake and physical activity which, unfortunately,
were not taken into account in the present study.

The present findings should be interpreted taking into consideration its limitations. The present
study is not a randomized controlled trial, and as such, several biases are evident due to
non-randomization of participants and the lack of a better placebo group. Differences in baseline
characteristics between the tablet and the control groups were minimized by removing all participants
with baseline severe vitamin D deficiency. This finally gave a more comparable baseline metabolic
profile as the 25(OH)D range was narrowed down (25–50 nmol/L).

Another major limitation is that the control group was given vitamin D-fortified milk, and dairy
products have been observed to affect iron absorption due to their calcium content. The effects of dairy
products in iron absorption, however, is still debatable since several intervention studies showed no
significant change in iron indices from dairy product consumption [32,33]. Current recommendations,
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however, in milk consumption without affecting vitamin D and iron stores in children are 2 cups
(500 mL) per day [34]. The control group in the present study were consuming only 200 mL/day.
Serum calcium were also unaffected in both groups. More importantly, the vitamin D and calcium
content in the milk products sold in Saudi Arabia are much lower than what the labels claim to be [35].

Other factors, such as dietary intake as a whole, as well as vitamin D intake and sunlight exposure,
were also not taken into consideration and can significantly influence vitamin D status independent
of the intervention assigned. However, epidemiologic observations done in Arab adolescents of
Riyadh show that the majority have darker complexion, are fully clothed during outside activities
(especially females), and prefer sunlight exposure before 10 A.M. [36]. These factors significantly
reduce any clinically meaningful vitamin D conversion through sunlight exposure in this age group,
especially in the present study, which was conducted during winter time when optimum sun light is
not only reduced, but the best time to get sun exposure also falls well within their school hours. Other
important parameters could not be analyzed, such as hepcidin and ferritin. Hepcidin, in particular,
as a master regulator for iron absorption, has been shown to distinguish iron deficiency anemia and
anemia of inflammation [37,38], with the latter type of anemia possibly benefiting more from vitamin
D correction than the former [39,40].

Despite these limitations, the study remained sufficiently powered and adds value, as it
documents the modest but significant effects of vitamin D supplementation in terms of influencing
iron status in a relatively understudied ethnic population and age group. To the best of our knowledge,
this is also the longest intervention trial done to determine changes in serum iron levels secondary
to vitamin D supplementation. As the majority of the limited interventional studies also yielded
negative results, given the clear association between vitamin D deficiency and risk of anemia [41,42],
identifying which type of anemia will benefit from vitamin D supplementation might give more
conclusive evidence.

5. Conclusions

In conclusion, a six-month vitamin D supplementation of 1000 IU/day significantly improved
vitamin D status and consequently decreased serum iron levels among Saudi adolescents whose
25(OH)D levels are sub-optimal but not severely deficient. The study adds to the growing literature
of the inhibitory and limited effects of vitamin D correction in the iron status of healthy individuals.
The identification of the cause of iron deficiency is essential as to which demographics will benefit
the most from vitamin D supplementation in terms of improving iron status. Well-designed and
adequately powered randomized controlled trials including other iron indices, such as hepcidin, are
encouraged to confirm present results.
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Abstract: In humans, copper is an important micronutrient because it is a cofactor of ubiquitous
and brain-specific cuproenzymes, as well as a secondary messenger. Failure of the mechanisms
supporting copper balance leads to the development of neurodegenerative, oncological, and other
severe disorders, whose treatment requires a detailed understanding of copper metabolism. In the
body, bioavailable copper exists in two stable oxidation states, Cu(I) and Cu(II), both of which are
highly toxic. The toxicity of copper ions is usually overcome by coordinating them with a wide range
of ligands. These include the active cuproenzyme centers, copper-binding protein motifs to ensure
the safe delivery of copper to its physiological location, and participants in the Cu(I)↔ Cu(II) redox
cycle, in which cellular copper is stored. The use of modern experimental approaches has allowed
the overall picture of copper turnover in the cells and the organism to be clarified. However, many
aspects of this process remain poorly understood. Some of them can be found out using abiogenic
silver ions (Ag(I)), which are isoelectronic to Cu(I). This review covers the physicochemical principles
of the ability of Ag(I) to substitute for copper ions in transport proteins and cuproenzyme active sites,
the effectiveness of using Ag(I) to study copper routes in the cells and the body, and the limitations
associated with Ag(I) remaining stable in only one oxidation state. The use of Ag(I) to restrict copper
transport to tumors and the consequences of large-scale use of silver nanoparticles for human health
are also discussed.

Keywords: copper metabolic system; copper/silver transport; silver nanoparticles

1. Introduction

Copper is an essential micronutrient that belongs to the group of ubiquitous trace elements [1].
In biosphere, copper has been documented as the third most abundant trace element after iron
and zinc. A normal human body (~70 kg) contains about 100 mg of copper, 10 times less than the
amounts of iron (4–5 g) and zinc (1.4–2.3 g) [2]. However, the biological role of copper in aerobic
organisms cannot be underestimated. The ground state electron configuration of the copper atom is
[Ar]3d104s1. Similarly, to other group 11 elements (Ag, Au), only one electron is left in the 4s shell,

Nutrients 2019, 11, 1364; doi:10.3390/nu11061364 www.mdpi.com/journal/nutrients157



Nutrients 2019, 11, 1364

allowing the 3d shell to close (3d10) and producing a more stable configuration. This explains, to
a large extent, the transient properties of copper. Copper has two stable oxidation states, Cu(I)↔
Cu(II), which are reversible under physiological conditions. The redox potential of this couple is
widely used for the catalysis of redox reactions, which involves molecular oxygen [3–6] and one
electron transfer [7]. Consequently, in the biosphere, global energy production (respiration and
photosynthesis) is not feasible without copper. In mammals, copper operates as a structural and
catalytic cofactor of enzymes (cuproenzymes) involved in vitally important processes, including
protection from active oxygen metabolites, oxidative phosphorylation, connective tissue biogenesis,
post-translational neuropeptide activation, neurotransmitter synthesis, and transmembrane iron
transport [8,9]. In addition, copper regulates angiogenesis [10], the number of intracellular signaling
pathways [11–14], mitochondria-mediated apoptosis [15], and communication between neurons and
astrocytes [13,16,17] as well as participating in the regulation of transcription [18]. Therefore, some
functions of copper resemble secondary messenger functions. It has been shown that mammalian
odorant receptors in olfactory sensory neurons responsible for recognizing strong-smelling sex
attractants [19] and thiol compounds [20] have sites that chelate Cu(I), the loss of which leads to a loss
of receptor activity. This phenomenon can be attributed to copper’s role as a co-receptor or biosensor.

Since copper carries out its essential functions during changes in oxidation state, it is a potential
source of electrons for the catalysis of Fenton reactions. The products of such reactions induce oxidative
stress, in turn, damaging the cells, for example, in ionizing irradiation [21]. In the active centers of
enzymes, copper is coordinated by many various ligands (as many as six) and is strongly held in both
oxidation states [22]. Copper mobilization mechanisms evolved in parallel with a safe intracellular
copper transport system (CTS). The CTS is highly conserved among different species and comprises
transmembrane and soluble Cu-transporting and Cu-reserving proteins and peptides. CTS members
contain Cu-binding motifs that coordinate Cu(I) with the help of a few sulfur atoms in cysteine
and methionine. Usually, the number of Cu/S coordinating in the Cu-binding protein domains is
two, but this can vary from one to four. The transfer of copper between such domains happens in
the direction of increased affinity and without valence change, which requires the activity of the
metallothionein/glutathione redox cycle [23]. Components of the CTS not only deliver copper to the
cuproenzymes but also facilitate its integration into the active sites [24], exchange copper between
themselves [25], generate local copper concentration gradients [26], control copper functions via its
redistribution between organelles/compartments, and regulate its recycling and excretion [27,28].
According to this, the dynamic behavior of the copper in the CTS can be considered as an additional
function that might be tightly related to intracellular signaling [29].

Currently, aberrations in the system supporting the homeostasis of copper are considered
among the reasons for the development of neurodegenerative, oncological, and cardiovascular
diseases [30–33]. This quite numerous and heterogeneous group of diseases can be defined as
copper-related disorders (CRD). Only some CRDs are caused by mutations in genes that encode
proteins with well-established functions in the CTS. These include Menkes [34] and Wilson [35]
diseases, occipital horn syndrome, Menkes ATPase-related distal motor neuropathy [36], MEDNIK
syndrome [37,38], aceruloplasminemia [39], and amyotrophic lateral sclerosis [40]. The contributions of
Cu-dependent mechanisms have been documented widespread pathologies, such as Alzheimer’s [41]
and Parkinson’s [42] diseases, diabetes mellitus [43], cancer [44], and cardio-vascular disorders [31]).
However, these mechanisms are yet to be fully understood [45].

In this context, the experimental use of silver ions might help to better characterize the
Cu-dependent processes behind the pathogenesis of these disorders. The silver atom has a ground
state electron configuration of [Kr]4d105s1. Again, one of the electrons of the top 5s-shell is borrowed
into the 4d-shell, producing an energetically favorable closed 4d10 shell. Thus, the structures of the
valence shell of silver atom and its respective silver ion (Ag(I)), which is formed by the loss of the
single top s-shell electron, are highly like those of copper and the Cu(I) ion. Given the close values
of ionic radii, the coordination properties of Ag(I) are similar to those of Cu(I) [46,47]. In proteins,
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the redox-inactive Ag(I) may occupy only Cu(I) coordination sites. In contrast to copper, silver does
not reach the Ag(II) oxidation state in the aquatic environment, and the known individual Ag(II)
complexes in the presence of water are instantly restored to Ag(I) [48]. As an antibacterial agent, silver
has long been used in medical practice. In recent years, the production of silver nanoparticles (AgNPs)
has increased exponentially, and they are used not only in engineering but also in various fields of
biomedicine, including acting as substitutes for antibiotics [49]. This has led to increased silver contents
in both the environment and the human body itself, contributing to ecotoxicity, primarily due to the
production of reactive oxygen species (ROS) [50,51]. Recent research suggests that silver toxicity may
be the result of Cu(I) and Ag(I) forming non-identical coordination spheres in CTS proteins, causing
the integration of Ag(I) into the Cu(I) metabolic system to result in copper dyshomeostasis [46,47].
Studying the influence of silver ions on the copper metabolic system should help in assessing the
undesirable impact of silver use on the biosphere and human health and will allow yet unknown
mechanisms of copper homeostasis to be identified. This review focuses on the prospects of silver as a
tool for investigating in new aspects of copper metabolism and on the adverse consequences of silver
interference with copper transport, distribution, and turnover in mammals.

2. Expedients Used to Treat Biological Objects with Silver Ions

For more than 50 years, silver ions have been used to study the systems that control the copper
turnover and the mechanisms supporting its homeostasis [52]. For this purpose, silver nitrate is used
in the form of a low-toxicity, highly soluble silver salt (Ksp = 1.44 at 25 ◦C). Silver nitrate solutions
have been added to cell culture medium, injected into the tail vein of rat [53], intraperitoneally [54],
subcutaneously [55], directly into the stomach, or into a 7.0 cm segment of intestine immediately
distal to the pylorus [52], and added to fodder [56]. However, in many studies it has not been
considered that Ag(I) from AgNO3 in the cell culture medium, food or the body extracellular spaces, is
immediately converted to poorly soluble AgCl (Ksp = 1.78 × 10−10 at 25 ◦C) while not compensating
the possible toxic effect of the nitrate ion. To avoid undesirable effects, the silver chloride grains are
added to powdered moistened fodder [57] or the cell growth medium is saturated by AgCl and then
diluted with medium [58]. The concentrations and total doses of silver used in studies vary over a
wide range (0.2–50 mg/kg body weight daily, from a single dose to a chronic keep on Ag-diet). In
addition to inorganic silver compounds, silver acetate and coordinated silver in N-heterocyclic carbene
complexes [59] are used. Silver ions from all the listed compounds are picked up by the CTS.

3. Silver Transport through Extracellular Pathways

The results of the pioneering in vivo studies showed that even though in the gastrointestinal tract
(GIT) silver ions should form poorly soluble silver chloride, Ag(I) enters the body. It is likely that
Ag(I) is successfully absorbed by enterocytes through coordination by amino acids, short peptides,
and possibly bacterial chalkophores produced by symbionts in the GIT [60]. Pulse-chase experiments
revealed that the silver is first delivered to the liver, then it was found in peripheral blood in the protein
fraction, and only later it was detected in other organs [61]. It was noted that silver is selectively
distributed among the organs. It mainly accumulates in the liver and poorly penetrates beyond
the cell barriers [62]. Free silver ions, or ions associated with low-molecular substances, were not
detected in the blood serum. In Ag-treated mouse liver, silver was found to be associated with
both metallothionein and high-molecular-weight proteins residing in the membranes of the secretory
pathway [63]. Ag treatment leads to a reduction of two parameters related to copper status in the
serum—the total copper concentration and oxidase activity associated with ceruloplasmin (Cp)—but it
does not affect the Cp protein concentration [55,64,65]. In rats that received Ag fodder over a long
period of time, silver appeared in the urine [63,65], as is observed for copper in Wilson disease [66].
This indicates a substantial overlap between the pathways and molecular players that distribute copper
throughout the body.
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In this context, silver was employed to investigate the Cp properties related to its actions as a
copper carrier. Fairly old studies revealed that constant feeding of female rats with Ag-rich food
during pregnancy led to the loss of Cp activity and caused developmental abnormalities or prenatal
death of embryos or 100% mortality of the pups within the first 24 h of life [57]. On the other hand,
injections of human holo-Cp into pregnant rats strongly attenuated Ag-mediated embryotoxicity [57].
These findings indicate that Cp operates as a copper carrier and supplies copper to extrahepatic cells.
The issue of whether Cp is indeed an extracellular copper transporter has been discussed for several
decades. Several lines of evidence suggest that Cp has a copper-transporting function. First, it has been
shown that all copper that is adsorbed in the GIT enters the liver and then returns to the bloodstream
within Cp [67]. Second, injected [3H]Cp was detected in different organs of copper-deficient rats that
had scarce levels of their own Cp [68]. Third, Cp can transfer copper ions into cultured cells [69].
Finally, molecular dynamics predicts a specific interaction between the high-affinity copper transporter
1 (CTR1) ectodomain and Cp sites that connect liable copper ions [70].

The main objection against the copper-transporting function of Cp comes from the observation that
extrahepatic cells do not manifest significant copper deficiency in patients with aceruloplasminemia,
an autosomal recessive hereditary disease that develops due to mutations in the Cp gene [39]. However,
evidence for this objection is not very strong, because mammals accumulate copper in the liver during
the embryonic and early postnatal period to distribute it to the organs, and further maintenance
of copper might be supported by its recycling. Therefore, it is difficult to create exogenous copper
deficiency in adult mammals [71]. This also explains why, during aceruloplasminemia, the main
pathologic manifestations are caused by the loss of ferroxidase functions of Cp rather than by the loss
of the copper-transporting function of Cp [72]. However, despite this, the copper-transporting function
of Cp appears to be critical for newly forming and rapidly growing cellular communities (like embryos
or tumors). It may be possible for Ag(I) to be used to study some aspects of aceruloplasminemia
related to ferroxidase activity and the copper-transporting function of Cp during different periods
of ontogenesis.

Moreover, it is worth noting that in lactating rats, the silver radioactive isotope [110Ag], enters
the mammary gland cells and into the hepatocytes with kinetic characteristics similar to those of
[64Cu] [61,73]. Ag(I) included in Cp will disturb its oxidase and ferroxidase activities [65]. Milk Ag-Cp
might compromise the copper metabolism of newborn pups, thus helping to highlight yet unknown
details of copper transport and turnover in post-natal development [74]. These data suggest that silver
could be used as a powerful tool to investigate copper metabolism in newborns.

4. Pathways of Silver Import through the Plasma Membranes

4.1. CT R1

Copper uptake from the extracellular space mainly relies on the plasma membrane protein CTR1
(Figure 1) [75,76]. CTR1 operates as a key component of the safe transport system of copper in all
eukaryotes and is ideally adapted for the transport of silver ions.

The physiologically active form of CTR1 is a homotrimer [77–80], and the CTR1 monomer is a
type I transmembrane protein. The extracellular N-terminal portion of mammalian CTR1 contains
three copper-binding motifs. Motifs 1 and 2 are divided by N-glycosylation sites, while the polyglycine
linker is situated between motifs 2 and 3. Motif 1 is formed by Met and His, motif 2 consists of His
residues, and motif 3 contains (Met)n-X-Met clusters, where n can vary from 1 to 6. Only motif 3
appears to be both essential and sufficient to complement the loss of free copper ion transport in
yeasts [81]. According to the Pearson chemical hardness principle [82], copper-binding motifs 1 and 2
of CTR1 might be involved in Cu(II) binding from extracellular donors. Cu(I) and Ag(I) exhibit high
affinity to copper-binding motifs 1 and 3 of CTR1 [83]. The ability of motif 3 to form selective binding
sites with Cu(I) and Ag(I), but not with bivalent metals, has been confirmed experimentally [84].
The CTR1 monomer contains three α-helixes, which are highly conserved in all eukaryotes and form
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three transmembrane domains (TM1, TM2, and TM3). In the homotrimer, nine α-helices of identical
subunits form a cuprophilic pore, which aligns with the threefold central symmetry axis [77,85]. At the
extracellular side of the pore, three pairs of conserved methionine residues in the three TM2s form two
thioether rings separated by one turn of the α-helix. These serve as highly selective filters for Cu(I)
ions. Each ring creates a coordinate sphere of three sulfur atoms, which can coordinate two Cu(I) or
two Ag(I) complexes [48]. The copper/silver ions captured in the thioether trap move inside the pore
through an electrostatic gradient in ATP-independent manner [85].

Figure 1. Scheme of copper and silver distribution in a mammalian cell. Copper is taken up via copper
transporter 1 (CTR1), divalent metal transporter 1 (DMT1), or the putative transporter (all depicted as
red circles). After being imported into the cell, the copper is transferred to chaperone antioxidant protein
1 (ATOX1), copper chaperone (CCS), and cytochrome-c-oxidase (COX17), which ferry it (black arrows) to
both copper-transporting ATPase (ATP7A/B, blue) in the Golgi, to Cu, Zn-superoxide dismutase (SOD1,
magenta) in the cytosol, and to cytochrome-c-oxidase (COX, green) in the mitochondria. Mitochondrial
phosphate carrier protein (SLC25A3) transfers copper into the matrix. In the Golgi, ATP7A/B load Cu
on newly synthesized cuproenzymes (orange circle), which transport it along the biosynthetic pathway
(orange arrow). A significant increase in intracellular Cu induces the export of ATP7A/B (blue arrow)
toward the post-Golgi compartments (TGN) and plasma membrane, where it drives the excretion
of excessive Cu from the cell. Silver uses similar copper-transporting routes (solid black arrows).
However, several copper-transporting pathways cannot be invaded by silver (dashed black arrows).

The last three amino acids of the short CTR1 cytosolic domain form a His-Cys-His stretch,
which contains a sphere of two nitrogen atoms and a sulfur atom for the coordination of Cu(I)/Ag(I) [48].
Thus, the parallel use of Cu(II)/Cu(I) and redox inactive Ag(I) shows that CTR1 only imports Cu(I)/Ag(I),
while Cu(II) remains bound to the CTR1 ectodomain and has to be oxidized for import through CTR1.

In mammals, CTR1 gene is expressed in all cells, and the CTR1 protein serves as the main importer
of copper from the bloodstream [86]. However, the pathways of copper absorption in the GIT remain
unclear. The first candidate for participation in this process is CTR1, which localizes at the apical
membrane of enterocytes. Intestinal epithelial cell-specific CTR1 knockout affects copper accumulation
in peripheral tissues and causes hepatic iron overload, cardiac hypertrophy, and severe growth and
viability defects [87]. Moreover, a previous study showed that mice fed a copper-deficient diet had
elevated levels of apical membrane CTR1 protein [88]. Another study showed that although CTR1 is
expressed in enterocytes, the CTR1 protein resides at the basolateral membrane and [64Cu] is taken up
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through this surface domain of enterocytes. Thus, basolateral CTR1 has been proposed to participate
in the delivery of copper/silver from the blood to the intracellular proteins of enterocytes [89].

4.2. CTR2

CTR2 (low-affinity copper transporter 2) is another potential carrier of copper and silver through
the plasma membrane. Its gene was identified by a structural similarity with the CTR1 gene [75] and
presumably, CTR2 gene arose as a result of duplication and subsequent functional divergence [90].
Further, CTR1 and CTR2 are situated in the same chromosome and DNA strand. CTR2 stimulates
copper uptake, is expressed in the cells of different internal organs, in the brain, and in the placenta [91]
and is localized to late endosomes and lysosomes [92,93] as well as the plasma membrane [91].
The amino acid composition, secondary structure, and topology of CTR2 and CTR1 monomers, as well
as their ability to form homotrimers and cuprophilic pores, are highly identical [90]. However, unlike
CTR1, CTR2 lacks the ectodomain with copper-binding motifs and hence cannot bind to Cu(II) in the
extracellular space. However, the cuprophilic pore of CTR2 still contains two thioether rings composed
of two methionine residues, allowing the transport of Cu(I) and Ag(I) across the cell membrane [91].
This might explain why copper and silver absorption decreases in cells lacking CTR1 and divalent
metal transporter 1 (DMT1) but is not suppressed completely [94,95].

In addition to the transfer of copper through the plasma membrane, several other functions
of CTR2 have been revealed including the regulation of copper influx via the induction of CTR1
ectodomain cleavage [96] and participation in copper mobilization from endolysosomal organelles to
the cytosol [93]. CTR2 also plays a role in limiting cisplatin accumulation [97], which is in line with
a hypothesis predicting that the transfer of cisplatin through cuprophilic pore of CTR1 requires the
binding of copper ions with the ectodomain [98].

4.3. DMT1

The list of copper importers also includes divalent metal transporter 1 (DMT1), a member of
the proton-coupled metal ion transporter family, which mediates the transport of ferrous iron from
the lumen of the intestine into the enterocytes. DMT1 consists of the only subunit with 12 α-helices,
which form transmembrane domains. Both the N- and C-termini of DMT1 are oriented toward the
cytosol [99]. The role of DMT1 in importing copper is supported by data showing that knockout of
CTR1 stimulates the expression of DMT1 and vice versa [94,95]. DMT1 is mainly localized at the apical
surface of the enterocytes and the plasma membranes of cells from other organs [100,101]. It plays a
relevant role in physiological Cu(I)/Cu(II) entry. However, silver does not inhibit DMT1-mediated
copper uptake [102]. Therefore, the participation of DMT1 in the transfer of silver into the cells
seems unlikely.

4.4. Other Transporters

In parallel with recognizing the roles of CTR1, CTR2, and DMT1 in transporting copper from the
GIT and the blood circulation, a growing body of evidence suggests the existence of an alternative
pathway of copper absorption, which appears to be independent from the above-listed transporters.
Initially, Lee and coworkers demonstrated that CTR1 knockout cells from mouse embryos remained
capable of importing copper [103]. The CTR1-independent copper transport was shown to be saturable,
time-, temperature-, and pH-dependent, ATP-independent, and inhibited by biological Cu(II) ligands.
Moreover, Ag(I), which is transported to the cells via CTR1 [104], did not inhibit the copper import
through the CTR1-independent pathway. Thus, the authors concluded that the CTR1-independent
copper transport pathway preferentially transports Cu(II) over Cu(I) [105]. Later, enterocyte- and
fibroblast-like cells with CTR1 deletion were incubated with the specific DMT1 inhibitor to show
that Cu(II) and Cu(I) uptake still occurred and, importantly, this Cu(I) uptake was not inhibited by
Ag(I) [105]. Thus, silver can apparently flow into the cells through CTR1 and CTR2, but not through
other copper importers.
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5. Interplay between Silver and Pathways Driving Intracellular Copper Distribution

Cu(I), transferred through the CTR1 pore, is bound by the cytosolic His-Cys-His motif [106,107],
which is involved in both copper coordination and the transfer mechanism to cytosolic Cu(I) chaperones.
The transfer of copper from the cytosolic domain of CTR1 to apo-chaperones occurs on the cis-side
of the plasma membrane through direct protein–protein contact. Holo-chaperones then transfer the
copper to the places where it is loaded into cuproenzymes including the mitochondria, secretory
pathway compartments, and cytosolic sites where superoxide dismutase 1 (SOD1), a key enzyme in
the antioxidant system of aerobic organisms, resides (Figure 1). The list of Cu(I)-chaperones comprises
several well-characterized members. For example, antioxidant protein 1 (in humans, ATOX1 or HAH1)
ferries copper to the Cu-transporting ATPases, ATP7A, and ATP7B, which transfer copper to the
luminal trans-Golgi spaces for the metalation of secretory cuproenzymes. CCS (copper chaperone for
Cu/Zn-SOD1) delivers copper to the active catalytic centers of SOD1. Cox17 transfers copper to the
mitochondria, where it is required for the formation of mature cytochrome-c-oxidase (COX) and SOD1
localized in the mitochondrial intermembrane space (IMS).

It is worth noting that Cu-chaperones can also obtain Cu(I)/Ag(I) from CTR2, despite it lacking
the C-terminal His-Cys-His motif. To do this, the chaperones use lipophilic sites on their surface,
which allow them to bind the cell membrane and receive Cu(I)/Ag(I) ions at the exit from the CTR2
pore. Structural, genetic, and biochemical data on Cu-chaperones have been analyzed in several recent
reviews [24–26,108–111]. Here, we will discuss the findings related to the role of Cu-chaperones in
silver transport through mammalian bodies.

5.1. ATOX1

ATOX1, a small cytosolic protein, contains 68 amino acid residues folded into a βαββαβ-plait with
a single Cu-binding Met-Xaa-Xaa-Cys-Xaa-Xaa-Cys motif coordinated with Cu(I) on a surface-exposed
loop. Holo-ATOX1 is more compact than apo-ATOX1, and it has two different conformations through
which it can fulfill its dual roles in copper binding and transfer [112–114]. In ATOX1, Ag(I) binds in
diagonal coordination to the two cysteine residues of the Cu(I) binding loop and shows high affinity for
this protein. X-ray absorption spectroscopy has shown that in the ATOX1 homodimer, the geometric
characteristics of the bonds in the coordination sphere differ from those in the [Cu(I)(Atox1)2]
complex [115,116]. Several lines of evidence suggest that ATOX1 efficiently participates in the transfer
of both Cu(I) and Ag(I) between different chains of CTS. Apo-ATOX1 is capable of binding to Cu(I)/Ag(I)
through coordination with histidine and cysteine residues in the cytosolic domain of CTR1 [114].
ATOX1 belongs to the group of so-called moonlighting proteins [117]. The main ATOX1 function
consists of delivering copper to ATP7A and ATP7B, which then transport copper ions across the
membranes of the biosynthetic pathway (Figure 1). Moreover, ATOX1 has been shown to exchange
Cu(I)/Ag(I) ions with CCS and receive Cu(I)/Ag(I) from metallothioneins [25]. Besides the role in
delivering copper to the secretory pathway of the cell, holo-ATOX1 seems to be capable of transporting
copper to the nucleus with the help of the p53 protein [118]. ATOX1 has also been suggested to
act as a copper-dependent transcription activator for the SOD3 gene. Indeed, Itoh and colleagues
demonstrated that ATOX1 is bound to the SOD3 promoter in a copper-dependent manner in vitro and
in vivo [119]. Apo-ATOX1 can extract Cu(I) from the ATP7B metal-binding motif and downregulate its
activity [28]. It plays an essential role in the copper export pathway, and it is possible that the ratio of
apo- and holo-forms of ATOX1 is involved in the coupling of redox homeostasis to intracellular copper
distribution [28]. ATOX1 participates in the differentiation of neurons through local changes in copper
concentration [120] and was also recently shown to promote cell migration in breast cancer [121].
Therefore, intracellular transport pathways of Ag(I) can be mediated by the substitution of Cu(I) in
ATOX1 and further delivery of ATOX1-bound silver to different intracellular compartments.
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5.2. Copper Delivery to the Cellular Secretory Pathway

In mammals, the transfer of copper from the cytosol to the secretory pathway or extracellular
space is carried out by two Cu-transporting P1-type ATPases, ATP7A and ATP7B, which normally
reside in the TGN (trans-Golgi network) compartment (Figure 1). ATP7A and ATP7B have also been
called Menkes ATPase and Wilson ATPase, respectively, due to the inherited diseases that are caused
by mutations in the genes encoding these proteins [122–125]. ATP7A and ATP7B proteins are very
similar in terms of primary structure and domain topology. Therefore, their functions, catalytic cycles,
and mechanisms of copper transfer through the membrane are also highly similar [126]. ATOX1 serves
as a cytosolic donor of Cu(I) and Ag(I) for both ATP7A/B. There is a lack of strong specificity between
the luminal sites of Cu(I)-ATPases that transmit copper and sites of apo-enzymes that receive copper
in the secretory pathway.

ATP7A gene is expressed in all organs, including the newborn liver. The ATP7A protein
normally resides in the TGN, where it loads copper onto newly synthesized cuproenzyme that is
moving through the secretory pathway. In response to an increase in copper concentration, ATP7A
moves toward the plasma membrane to promote the excretion of excess copper from the cell [127].
The Cu-transporting activity of ATP7A is required for the delivery of dietary copper from the
enterocytes to the blood [128] and has been shown to participate in copper transfer from astrocytes
to neurons [129]. The cuproenzymes, which obtain copper from ATP7A localized in extracellular
spaces (blood, extracellular matrix, cerebrospinal fluid, and vesicles derived from the Golgi complex),
or are inserted into the membrane. The enzymes to which ATP7A transfers copper belong to several
subclasses (Table 1) and have different active center structures. The His/Met-rich segment of the first
ATP7A extracytosolic loop, which binds Cu(I) and Ag(I), is likely to play a key role in the metalation
of cuproenzymes [130]. Interestingly, a fragment of the second extracellular loop specifically binds
to the Cp (Kd = 1.5 × 10−6 M) and, according to protein footprinting, protects a fragment of the Cp
domain 6 [131].

Notably, these cuproenzymes are likely to have different affinities for silver (Table 2), which might
be employed to selectively inhibit their catalytic activity and hence, to study their functions in the
corresponding biological context.

Table 1. Catalyzed reactions by cuproenzyme group (source: ExPASy).

Class Name Catalyzed Reaction
Electrons Transferred

to Dioxygen
Cu Atoms Required

Superoxide dismutase 3,
EC 1.15.1.1 2 superoxides + 2 H+ <=> O2 + H2O2 1 + 1 1

Ferroxidase, EC 1.16.3.1 4 Fe2+ + 4 H+ + O2 <=> 4 Fe3+ + 2 H2O 4 4 (6)

Peptidylglycine
monooxygenase, EC

1.14.17.3

[Peptide]-glycine + 2 ascorbates + O2 <=>
[peptide]-(2S)-2-hydroxyglycine + 2

monodehydroascorbate + H2O
2 + 2 2

Dopamine
beta-monooxygenase, EC

1.14.17.1

3,4-dihydroxyphenethylamine + 2 ascorbates
+ O2 <=> noradrenaline + 2

monodehydroascorbate + H2O
2 + 2 1

Diamine oxidase, EC
1.4.3.22

Histamine + H2O + O2 <=> (imidazol-4-yl)
acetaldehyde + NH3 + H2O2

2 1

Primary-amine oxidase,
EC 1.4.3.21

RCH2NH2 + H2O + O2 <=> RCHO + NH3 +
H2O2

2 1

Protein-lysine 6-oxidase,
EC 1.4.3.13

[Protein]-L-lysine + O2 + H2O <=>
[protein]-(S)-2-amino-6-oxohexanoate +NH3

+ H2O2

2 1

Tyrosinase, EC 1.14.18.1 L-tyrosine + O2 <=> dopaquinone + H2O
2 L-dopa + O2 <=> 2 dopaquinone + 2 H2O 4 2
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Table 2. Theoretical assessment of the ability of Ag(I) to replace copper in the active centers of the
major cuproenzymes of mammals.

Enzyme Class
Reference

Structure(s),
PDB ID

Copper
Coordination

Sphere *
Geometry *

Feasibility of Ag(I)
Binding ****

COX Cytochrome-c-
oxidase; EC 1.9.3.1,

5IY5 (cow)

CuA; Cu pair,
subunit 2, C200
(bridge), C196
(bridge), H161,

H204, M207,
E198 amide

Distorted
tetrahedral for

each atom;
strong Cu–Cu

interaction

Low

CuB; subunit 1,
H290, H291,
H240, heme

Distorted
trigonal

pyramidal;
Cu–heme

interaction

Low

SOD1
Superoxide

dismutase, EC
1.15.1.1

1HL5 (human) H46, H48, H63,
H120

Distorted
tetrahedral Low

SOD3
Superoxide

dismutase, EC
1.15.1.1

2JLP (human) H96, H98,
H113, H163

Distorted
tetrahedral/trigonal Low

Cp Ferroxidase, EC
1.16.3.1

1KCW, 2J5W
(human)

Cu21 (blue):
C319, H276,

H324

Distorted
trigonal planar Moderate

Cu31 **: H163,
H980, H1020
(dioxygen)

Trigonal
pyramidal

(tetrahedral)
Low

Cu32: H103,
H1061, H1022

(dioxygen)

Trigonal
(distorted

tetrahedral)
Low

Cu33: H101,
H978,

(dioxygen,
water/OH),
η5-bonding

from H103 and
H980

Linear (square
planar, with
η-bonds;

tetragonal
distorted

octahedral)

Low

Cu41 (blue):
C680, H637,

H685

Distorted
trigonal planar Moderate

Cu61 (blue):
C1021, H975,

H1026

Distorted
trigonal planar Moderate

Cu42 (labile):
H692, D684

(water?)
Angular Very low

Cu62 (labile):
H940, D1025

(water?)
Angular Very low

Hephaestin
(HEPH)

Ferroxidase, EC
1.16.3.1 No data

Putatively similar to Cp,
the trinuclear site, Cu21 and Cu41
site are conserved, the presence of

blue copper is proven

Moderate for blue
sites

Zyklopen (HEPH1) Ferroxidase, EC
1.16.3.1 No data

Putatively similar to Cp,
the trinuclear site and Cu21 site

are conserved

Moderate for blue
sites

Peptidyl-glycine
alpha-amidating
monooxygenase

Peptidylglycine
monooxygenase,

EC 1.14.17.3

1SDW (rat)
Cu1, H107,
H108, H172 trigonal planar Low

Cu2, H242,
H244, M314
(dioxygen)

Trigonal
pyramidal

(tetrahedral)
Low
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Table 2. Cont.

Enzyme Class
Reference

Structure(s),
PDB ID

Copper
Coordination

Sphere *
Geometry *

Feasibility of Ag(I)
Binding ****

Dopamine beta-
monooxygenase

Dopamine beta-
monooxygenase,

EC 1.14.17.1
4ZEL (human)

H412, H414,
M487

(substrate?)

Trigonal
pyramidal

(tetrahedral?)
Low

Amine oxidase
copper-containing

1 (Dopamine
oxidase)

Diamine oxidase,
EC 1.4.3.22 3HI7

H510, H512;
H675,

(substrate)

Distorted
T-shaped
(distorted

tetrahedral)

Low

Amine oxidase,
copper containing

3 (AOC3)

Primary-amine
oxidase, EC 1.4.3.21 2Y73

H520, H522,
H684

(substrate,
water?)

Distorted
T-shaped

(seesaw/octahedral?)
Low

Amine oxidase,
copper containing

2 (AOC2)

Primary-amine
oxidase, 1.4.3.21 No data Highly similar to AOC3, copper

site conserved Low

LOX
Protein-lysine
6-oxidase, EC

1.4.3.13

1N9E (Pichia
pastoris)

H528, H530,
H694, modified

Y478 (TPQ,
O-donor)

Distorted
tetrahedral Low to very low

LOXL2
Protein-lysine
6-oxidase, EC

1.4.3.13; putative
5ZE3

H626, H628,
H630, Y689

(putative, Zn
instead of Cu)

Distorted
tetrahedral Low to very low

LOXL1,3,4
Protein-lysine
6-oxidase, EC

1.4.3.13; putative
No data Putatively similar to LOX/LOXL2 Low

TYR Tyrosinase, EC
1.14.18.1

5Z0D, 5Z0F ***
(Streptomyces)

Cu1: H38, H54,
H63,

(η2-dioxygen)

Distorted
trigonal planar

(distorted
tetrahedral)

Low

Cu2: H190,
H194, H216,

(η2-dioxygen)

Distorted
trigonal

pyramidal
(distorted

tetrahedral)

Low

Thiol receptor
OR2T11 No data M115, R119,

C238, H241
Distorted

tetrahedral High

* The positions of protein-based electron donor groups are given. Substrate(s) and total effective geometry, which
accounts for the substrate, are given in brackets. ** Cu31, Cu32, and Cu33 form a dioxygen binding trinuclear
site, provided by eight imidazole groups of histidine residues. During dioxygen binding, the donor groups are
preserved, but the coordination geometry changes. *** Only the evolutionary conserved active site is discussed.
Other copper ions in these structures are not accounted for. **** Feasibility is based on geometry and coordination
spheres. N-donor spheres (His-only) are considered inferior for Ag(I) coordination. Coordination of O-donor
ligands (tyrosine, water molecules) and intermetallic bonds (different between metal ions) are also considered as
unfavorable for Ag(I) binding.

The expression and physiological functions of ATP7B are mainly related to its role in the liver,
where it drives the sequestration of excess copper and its excretion through bile [132,133]. Moreover,
ATP7B contributes to the maintenance of copper levels in the blood through the synthesis and secretion
of Cp [134]. Finally, some reports suggest that ATP7B might be involved in the synthesis of coagulation
factors VIII and V [135,136]. Besides the liver, ATP7B expression has been detected in cells of neural
origin and vascular endothelial cells [137,138]. It has been assumed that segments of the luminal loops
of ATP7B participate in the direct transfer of copper to the active sites of intact Cp [139,140].

Cp is the main protein metalized by ATP7B. However, in cells with ATP7B knockout, ATP7A
efficiently substitutes for ATP7B in loading copper onto the newly synthesized Cp [141]. In addition,
ATP7A loads copper onto Cp in the liver during early postnatal development when ATP7B is
poorly expressed in the hepatocytes [142]. Cp gene encodes two mRNA splice variants, which are
translated into secretory Cp and membrane-bound Cp with a glycosylphosphatidylinositol anchor
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(GPI-Cp) [143]. The expression of ATP7A and GPI-Cp coincide in different brain regions [137] and in
the mammary glands [144], suggesting that GPI-Cp is likely to be mainly metalized by ATP7A rather
than ATP7B. In neuronal cells, both ATP7A and ATP7B can be expressed simultaneously and supply
copper to dopamine-beta-hydroxylase in a selective manner, which depends on its localization [145].
Despite structural similarities and co-participation in maintaining the homeostasis of copper, the loss
of ATP7B function does not result in an elevation of ATP7A mRNA level [146] and vice versa [147].

N-terminal Cu-binding domains of both ATP7A and ATP7B contain core -Cys-Xaa-Xaa-Cys-
stretches, which bind Cu(I) and Ag(I) in a similar manner [148]. These domains receive silver ions from
Ag-ATOX1 and participate in their transfer to the lumen of the Golgi compartment or their excretion
through the bile (our unpublished results). The silver ions that are transferred to the secretory pathway
can be incorporated into the cuproenzymes synthesized de novo.

Indeed, it has been shown that silver ions were included in the Cp molecules synthesized in the
liver [56,63,65]. Cp is a blood serum N-glycoprotein, which consists of a single polypeptide chain
with a molecular weight of 132 kDa containing 1046 amino acid residues (in human) [134]. About 95%
of extracellular copper has been reported to associate with Cp [149]. Cp belongs to the family of
multi-copper blue ferroxidases [5,150]. Its active centers contain six copper ions, of which amino acids
of domains 3, 4, and 5 form mononuclear centers, and the amino acid residues of domains 1 and 6
form three-nuclear centers [150,151]. Cp belongs to the category of moonlighting proteins [152,153].
Its major function is to facilitate iron redox transitions, which are required for transferrin receptor- and
ferroportin-mediated transport of iron through the membranes [154]. In vivo, Cp oxidizes dopamine,
serotonin, epinephrine, and norepinephrine, thus inactivating them [134,152]. Cp is an acute-phase
protein, as its level increases by several times during processes such as inflammation, ovulation,
pregnancy, and lactation [155]. Cp also demonstrates weak antioxidant activity toward ROS and
regulates the oxidative status of neutrophils [156].

Cp efficiently binds to silver, which affects its catalytic activity. It was shown that Cp in blood
serum from Ag-fed rats exhibits low oxidase and ferroxidase activity. In addition, inactive Cp has
been found to contain one to three silver ions per molecule as molten globule [63,65,157]. Presumably,
the substitution of copper with silver in the active sites of Cp happens due to the presence of three
cysteine residues, each of which creates a coordination area for Cu(I)/Ag(I) with two histidine residues
(Table 2). Despite the extensive investigation of active Cp sites using different approaches, including
biochemical, chemical, biophysical, and molecular dynamics, some aspects of its enzyme activity and
participation in various processes remain unsolved [158]. Thus, further study is required to determine
whether the maturation of Cp in the Golgi requires a strict cooperative order of filling of active centers
by copper ions. The use of silver may help to solve this issue.

Despite being catalytically inactive, Ag-bound Cp does not undergo rapid degradation like
apo-Cp, which is not loaded with copper. In a previous study, Ag-fed rats did not exhibit a significant
decrease in overall Cp levels in either blood or isolated Golgi membranes, while blood copper values
and Cp oxidase activity remained barely detectable [56,63,65]. These findings differ strikingly from
those related to Cp deficiency in Wilson disease, where the loss of ATP7B function does not allow Cp
to be loaded with copper in the Golgi. As a result, apo-Cp is rapidly degraded in ATP7B-deficient
animals and patients. Indeed, ATP7B-deficient LEC (Long Evans Cinnamon) rats manifest low Cp
levels and activity, while Ag treatment does not further affect Cp abundance and function due to a
lack of ATP7B-mediated transfer of Ag(I) to Cp. As in the case of copper, previous research found
that Ag in LEC rats was bound to metallothionein, excluded from Cp, and not excreted in bile [63].
Interestingly, this suggests that silver allows Cp oxidase activity to be selectively inhibited without
significantly impacting the overall protein expression. This finding should aid in the understanding
of the pathologic mechanisms associated with the loss or aberrant modulation of Cp function in
different diseases.

A recent study revealed that the consumption of a diet including Ag from the first day of life
did not dramatically reduce Cp oxidase activity in the blood. In these animals, Cp activity was about
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half that in the control group [159]. In vivo pulse-chase experiments revealed that de novo synthesis
of [14C]Cp in Ag-fed animals occurred even when the liver was isolated from the bloodstream [65].
It turned out that this Cp was synthesized and excreted by the cells of subcutaneous adipose tissue,
to which silver was not delivered [160]. Thus, the silver helped to uncover the interorgan control
mechanism that supports copper balance in the blood and compensates for the deficit of oxidase Cp.

A growing body of evidence suggests that silver treatment could be of value for various medical
purposes. For example, silver might modulate the efficiency of cisplatin chemotherapy, which is widely
used to treat solid tumors. As in the case of copper and silver ions, cisplatin uptake into the cells
requires CTR1. Thus, modulation of copper status (also with silver) has been considered as an option
for the acceleration of cisplatin influx into the cells [161–163]. Indeed, it was recently shown that an Ag
diet can be successfully used for this purpose [98]. One of the general signs of tumor development,
regardless of its nature, is increased copper consumption, which is manifested in the activation of
copper metabolism genes [164]. In this context, Ag(I) might interfere with cuproenzyme synthesis and
angiogenesis, which both require copper to promote tumor growth. In line with this notion, a diet
including Ag was shown to inhibit the growth of human tumors engrafted into nude mice [164].

Mutations in ATP7A cause copper deficiency, which can lead to the development of several
disorders such as Menkes disease, occipital horn syndrome, and ATP7A-related distal motor
neuropathy [34]. (His)2Cu injections have shown high therapeutic efficiency in patients carrying certain
ATP7A mutations [165]. The responsiveness of a given patient to such therapy could be predicted
using a measurement of the kinetics of copper retention in fibroblasts or in amniotic fluid cell cultures.
These in vitro kinetics tests usually require the [64Cu] radioactive isotope, which has a half-life of ~13 h.
Radioactive silver [110Ag], which has a half-life of 250 days, is a valuable alternative that has already
been used successfully in diagnostic practice [166].

5.3. CCS

CCS operates as a Cu(I) chaperone that ferries Cu(I) to SOD1, one of the main antioxidant
enzymes in the cell (Figure 1). Moreover, CCS controls the folding and hence the stability of SOD1.
The CCS molecule is composed of three structural-functional domains. Domain 1, which contains
the Cys-Xaa-Xaa-Cys motif as ATOX1, acquires Cu(I) from CTR1 during CCS docking to the plasma
membrane. Domain 2 appears to be structurally similar to SOD1 and plays a key role in CCS–SOD1
protein recognition. Domain 3 is a short polypeptide segment that lacks a secondary structure but
contains a Cys-Xaa-Cys motif that is essential for SOD1 homodimerization via S−S bond formation
between SOD1 subunits [167–169]. Thus, CCS participates in all stages of SOD1 post-translational
maturation, from metalation of the de novo synthesized polypeptide to the formation of the active
enzyme homodimer. In the cells, enzymatically active SOD1 is mainly localized in the cytosol, with a
minor fraction (about 5%) in the mitochondrial IMS [170]. Presumably, mitochondrial SOD1 protects
the mitochondria from oxidative stress, which might be caused by ROS as a result of electron leakage
from the electron transport chain [171,172]. Active cytosolic SOD1 cannot be imported into the
mitochondria and vice versa. Both SOD1 and CCS enter the IMS in apo forms through the translocator
outer membrane (TOM) and bind to the IMS receptor MIA40 (mitochondrial intermembrane space
import and assembly complex), which promotes the formation of disulfide bonds and concomitant
protein folding. In the mitochondria, CCS acquires Cu(I) from an unknown Cu(I) transporter.

Although CCS can bind to Ag(I) ions, it does not appear to transfer them to the active site of
SOD1. In a previous study, Ag-fed rats and mice did not exhibit a significant loss of SOD1 activity in
the cytosol and the mitochondrial IMS [65]. Considering that mRNA, protein levels, and SOD1 activity
remain intact in Ag-fed animals, we can conclude that the exchange of Cu(I)/Ag(I) is blocked during
SOD1 monomer metalation. This might occur because the active site of the SOD1 is formed only by
histidine residues (Table 2), which cannot coordinate the Ag(I) [48], or because Ag(I) fails to be oxidized
to Ag(II) and hence to donate the electron, which is needed at the last stage of active SOD1 formation.
In any case, silver has no toxic impact on SOD1. Similarly, secretory (extracellular) SOD3 exhibits quite
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similar resistance to silver incorporation [65]. Ag-fed rats do not manifest changes in the activity of
SOD3, which is synthesized in endothelial cells and metalized by ATP7A [173]. Considering the high
homology of SOD1 and SOD3, we can assume that silver does not replace copper because the active
site of SOD3 also consists of histidine residues (Table 2).

5.4. COX17

The cytosolic Cu(I) chaperone COX17 has been identified as an essential component in the
biogenesis of COX, a terminal complex of the mitochondrial electron transport chain [174]. COX consists
of 13–14 different subunits (SU), three of which (SU1, SU2, and SU3) form a catalytic center. In mammals,
they are encoded by mitochondrial DNA and integrated into the inner membrane using the OXA
(oxidase assembly translocase complex). The assembly of mature COX is a complex process requiring
high accuracy, which relies on numerous accessory proteins [111,175]. COX activity requires hemes (a +
a3) and three copper ions, which are included in the di-copper centers SU1 and SU2 (also known as CuA

and CuB). The assembly of both centers depends on copper, which is delivered by the COX17 from the
cytosol (Figure 1) [29]. COX17, a small soluble protein with a molecular mass of approximately 8 kDa,
contains two Cu-binding motifs, C-X9-C flanked by two neighbor cysteines, which cooperatively bind
four Cu(I) ions into a Cu4S6 complex. Ag(I) apparently cannot be embedded into the COX17 molecule
at any stage of holo-COX17 formation [176]. It seems that holo-COX17 ferries copper ions from the
cytosol toward the mitochondria. Then, COX17 must be unfolded for TOM40-mediated transfer to the
IMS, where it subsequently recovers its appropriate 3D structural organization in a MIA40-dependent
manner and binds to four Cu(I) complexes [108,177].

Holo-COX17 operates as a copper donor for both COX mitochondrial SUs. Each SU receives
copper ions from COX17 through the different systems of mitochondrial Cu-chaperones. In SU1
(CuB center), this function is executed by COX11 through three invariant residues of the histidine which
form the coordination sphere for the copper ion [109,178]. SU2 (CuA center) receives two copper ions
from Cu-chaperones SCO1/2, which, in turn, obtain Cu from COX17. SCO1/2 promote the oxidation of
Cu(I) to Cu(II), which is required for the integration of copper ions into the COX active site. In mature
COX, two copper ions are connected by the –SH of two Cys residues. As a result, a unique electronic
structure is formed that allows them to carry out the oxidation of one electron.

This suggests that Ag(I) cannot be transferred to the active sites of COX because COX17 does not
bind silver ions, and coordination spheres in SUs do not possess enough affinity for Ag(I). Indeed, COX
activity was shown to be unaffected in rats and mice receiving Ag-fodder [58]. In contrast, in proteo-
and eubacteria, Ag(I) were found to suppresses COX activity via direct interaction with membranous
copper transporting proteins [179]. At the same time in vivo studies suggest that mammalian
hepatic mitochondria are capable of accumulating silver, most of which resides in the mitochondrial
matrix [58,62]. Therefore, the delivery of silver ions to the mitochondria apparently occurs through
COX17-independent pathways, which are probably also used by copper. Mitochondria have been seen
to accumulate copper both under physiological conditions (for example, in livers of newborns) [142]
and during the development of Wilson disease [66]. The outer membranes of mitochondria can
apparently host DMT1, which transports iron, copper, and manganese ions [99,102,180,181]. It might
potentially deliver copper (but not silver) ions to the mitochondria. However, DMT1 knockout does
not reduce mitochondrial levels of copper [94]. The transfer of copper through the inner membrane is
executed by a phosphate transporter, PIC2, in yeast [182] and by its mammalian ortholog encoded by
SLC25A3 [183]. The assembly of active COX is associated with the expression of this gene. Since CuA

and CuB are metalized in the IMS while PIC2/SLC25A3 transports copper to the matrix, a copper
transporter from the matrix to the IMS is required. Anionic fluorescent molecular complex CuL (copper
ligand) has been proposed to play this role, which requires CuL shuttling in the cytosol↔ IMS↔
matrix directions [184–186]. It is likely that CuL also participates in Ag(I) transfer. Moreover, the use
of silver ions might help to reveal yet unidentified mitochondrial transporters of Cu(I)/Ag(I). This,
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in turn, would contribute to the understanding of other mechanisms used by mitochondria to support
the overall homeostasis of copper in the cell.

6. Interference of Silver Nanoparticles (AgNPs) in Copper Metabolism of Eukaryotes

The properties of silver, high antibacterial activity, excellent thermal and electrical conductivity,
make it a widely used metal, and fabrication of AgNPs is economically beneficial. An uncontrolled
increase in the application of AgNPs in various areas (technical industry, textile production, agriculture,
food industry) has inevitably led to an increased risk of human contact with them in everyday life.
AgNP bioactivity indicates chemical instability as a result of the conversion of Ag(0) to Ag(I). In the
environment, AgNP corroding is accompanied by sulfidation and chlorination, with the formation
of practically insoluble silver salts [187]. If the transformation of AgNPs were to stop at this stage,
the AgNPs and their transformation products would not pose threats to humans and the environment.
However, silver ions from AgNPs interfere with cellular metabolism, perhaps due to the presence
in the biological media of electron carriers, amino acids, and small peptides capable of coordinating
Ag(I) by repeatedly increasing the solubility of silver. This raises issues related to the safety of AgNPs
for the environment and human health [188]. Therefore, a growing number of studies are aimed at
determining the toxic impact of AgNPs on molecular processes in the cells and their mechanisms.
The relationships between the bioactivity of AgNPs and their linear size, surface shape, corrosion rate,
aggregation state, stability, and biodegradability have been studied [50]. Most investigations have
been performed on prokaryotes as targets of AgNP antibacterial action, and cultured cells of higher
eukaryotes as models for assessing the toxicity of AgNPs in mammals.

In recent years, more in vivo studies of the effects of AgNPs on cell and molecular processes
in higher eukaryotes have been carried out, predominantly on animal models with a short
lifespan, well-studied stages of ontogenesis, sequenced genomes, and inexpensive maintenance
(such as Danio rerio, Caenorhabditis elegans, and Drosophila melanogaster). AgNPs with different
physicochemical properties has been shown to result in decreased lifespan, fertility, growth, body
size, and locomotion [189–192]. It is generally recognized that the toxic effect of particles is based on
AgNP-mediated oxidative stress [50,51]. AgNPs overcome intestinal barriers and are absorbed by the
cells through clathrin-mediated endocytosis, stimulating lipid peroxidation, DNA and protein damage,
and the induction of apoptosis [193–196]. In response to ROS-mediated oxidative stress, genes involved
in heat shock, DNA repair, cytosol (glutathione peroxidase), mitochondrial Mn-SOD2, and autophagy
are activated, possibly through the p38 MAPK/PMK-1 pathway [195,197,198]. Interestingly, the levels of
copper-containing enzymes (tyrosinase and SOD1) are significantly decreased in invertebrate animals
following treatment with AgNPs, despite the copper level in tissues remaining unchanged [199]. It was
proposed that silver ions dissociated from AgNPs bind with copper transporter proteins and cause
copper sequestration, thus creating a condition that resembles copper starvation [199]. In mice treated
with AgNPs, Cp oxidase activity in the blood serum was shown to decrease [200]. However, Cp
expression and the relative contents of Cp protein in the Golgi complex and in the serum did not
change [200]. In addition, treatment with AgNPs did not influence liver SOD1 activity or serum alanine
aminotransferase and aspartate aminotransferase content, i.e., AgNPs had no apparent toxic effects in
mice. Dark-colored inclusions were observed in the abdominal cavities of the mice, but only in those
that received the largest dose of AgNPs [200]. A woman who ingested 1 L of colloidal silver solution
(34 mg silver) daily for approximately 16 months as an alternative medical practice showed evidence
of argyrosis [201]. The patient had a serum silver concentration of about 381 ng/mL, 25-fold higher
than the reference level. In the intercellular space of her sweat glands and hair follicular epithelia,
brown-black granules containing silver were deposited, but other signs of toxicity were not observed.
In total, the data show that the release of large masses of AgNPs into the environment, e.g., during
industrial disasters, will lead to severe consequences. However, moderate concentrations, which can
typically be achieved by eating foods containing AgNPs, lead to the interference of silver ions from the
AgNPs in copper metabolism, affecting the various processes in the cell (Figure 2).
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Figure 2. Copper-required cellular processes, in which Cu(I) can be replaced by Ag(I).

Thence, the long-term effects of such interventions have not been assessed, and data obtained
from studying the Ag(I) routes in the bodies and cells of mammals are required.

7. Conclusions

In sum, this analysis of the existing studies highlights the usefulness of silver for investigating
various metabolic pathways that require copper as an essential participant. Moreover, silver itself
has started to gain interest from different research fields due to its emerging role in bioengineering,
medicine, nutrition, and environmental pollution. Thus, we expect that biological studies focusing on
silver will expand to reveal new mechanisms and pathways that are involved in its transport, turnover,
and metabolism.
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Abbreviations

AgNPs silver nanoparticles
ATOX1 antioxidant protein 1 (copper chaperon for ATP7A/B)
ATP7A and ATP7B copper transporting ATPases (Menkes ATPase and Wilson ATPase, respectively)
CCS copper chaperone for SOD1
COX cytochrome-c-oxidase
COX17 copper chaperon for cytochrome-c-oxidase
Cp ceruloplasmin
CRD copper related diseases
CTR1 high affinity copper transporter 1
CTR2 low affinity copper transporter 2
CTS copper transporting system
CuL copper ligand (complex anionic fluorescent substance with copper)
DMT1 divalent metal transporter 1
GIT gastrointestinal tract
IMS mitochondrial intermembrane space
LEC rats Long Evans Cinnamon rats
MIA40 mitochondrial intermembrane space import and assembly complex
OXA oxidase assembly translocase complex
PIC2 yeast phosphate carrier protein of mitochondria
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ROS reactive oxygen species
SLC25A3 mammalian phosphate carrier protein of mitochondria
SOD1 Cu,Zn-superoxide dismutase
SU subunit
TOM translocator outer membrane
TGN trans-Golgi network
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Abstract: Although hereditary hemochromatosis is associated with the mutation of genes involved in
iron transport and metabolism, secondary hemochromatosis is due to external factors, such as intended
or unintended iron overload, hemolysis-linked iron exposure or other stress-impaired iron metabolism.
The present review addresses diet-linked etiologies of hemochromatosis and their pathogenesis in the
network of genes and nutrients. Although the mechanistic association to diet-linked etiologies can be
complicated, the stress sentinels are pivotally involved in the pathological processes of secondary
hemochromatosis in response to iron excess and other external stresses. Moreover, the mutations
in these sentineling pathway-linked genes increase susceptibility to secondary hemochromatosis.
Thus, the crosstalk between nutrients and genes would verify the complex procedures in the clinical
outcomes of secondary hemochromatosis and chronic complications, such as malignancy. All of
this evidence provides crucial insights into comprehensive clinical or nutritional interventions
for hemochromatosis.

Keywords: hemochromatosis; iron transport and metabolism; stress sentinel

1. Introduction: Regulation of Dietary Iron Metabolism

Iron is an essential metal nutrient required for all living organisms [1,2]. In response to various
cues, including iron deficiency in the body, dietary iron ions can be absorbed in the apical site of
duodenal enterocyte by two types of membrane proteins. One is duodenal cytochrome B (DcytB),
which can reduce ferric Fe (III) ion to ferrous Fe (II) ion for transporting into the enterocytes. Another
is divalent metal transporter-1 (DMT-1), which transports divalent metal ions into cells as the name
implicates. Imported ferrous Fe (II) ions need to be intracellularly stored by binding to ferritin, due to
the toxicity of the free form [3]. However, the stored irons can be released from enterocytes, which is
facilitated by ferroportin (FPN, an iron transporter) and a ferroxidase such as hephaestin (HEPH) or
ceruloplasmin on the basolateral membrane of duodenal enterocyte in response to signals from the
deficient organs, including bone marrow. Exported ferrous Fe (II) ions are oxidized to ferric Fe (III)
ion by HEPH and the oxidized ferric Fe (III) ion in a complex with transferrin is delivered via blood
circulation to the target organs, such as the bone marrow for erythrocytosis, or liver for storage [4].
However, when stored, ferrous Fe (II) iron cannot be exported to blood vessels for various reasons
and it accumulates in cells and organs, leading to iron overload (also known as hemochromatosis) in
susceptible tissues, including the gut and liver (Figure 1).
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Figure 1. Dietary iron metabolism in gut. Luminal ferric Fe (III) ion from food intake is reduced
to ferrous Fe (II) ion by DcytB in apical site of duodenal epithelia. After this, reduced ferrous Fe
(II) ion is transported into gastrointestinal enterocytes by DMT-1. Imported ferrous Fe (II) ion have
two pathways of modulation. One involves its binding to ferritin, which can store iron ions safely,
preventing radial iron ion production, and another pathway involves FPN-1-mediated transport to
bloodstream. Exported ferrous Fe (II) ion is then oxidized to ferric Fe (III) ion by HEPH in basolateral
site of duodenal epithelial cells. Oxidized ferric Fe (III) ion binds to transferrin circulating bloodstream
and is transported to bone marrow for erythrocytosis or liver for storage. However, free ferrous Fe
(II) ions can accumulate in cells due to inhibition of the export to bloodstream or increase in import,
leading to hemochromatosis.

Hemochromatosis in the liver, heart and endocrine glands has been associated with the triggering of
liver cirrhosis, diabetes, cardiomyopathy or testicular failure [5–8]. In particular, genetic abnormalities
in the iron transporting- or storage-linked genes may cause severe disorders of iron homeostasis and
subsequent iron overload in most patients with primary hemochromatosis (also known as hereditary
hemochromatosis) [5–8]. Most hereditary hemochromatosis is due to a mutation of the HFE gene,
which can regulate iron uptake by interfering with the interactions between transferrin and transferrin
receptor [9]. However, the primary action of HFE protein is the regulation of the iron storage hormone
hepcidin [10], suggesting that it is involved in regulating systemic iron absorption rather than local
iron uptake mediated by transferrin receptor. Moreover, hereditary hemochromatosis can be produced
by other mutations in iron-modulating genes, such as hemojuvelin, hepcidin antimicrobial peptide
(HAMP), transferrin receptor-2, ferroportin, ceruloplasmin and transferrin [11–13]. All of the genetic
evidences in hereditary hemochromatosis provide insights into functions of iron metabolism-involved
components in hemochromatosis. Conversely, there has been considerable clinical debate about
whether hemochromatosis should be defined by genotype or presence of symptomatic iron excess
independent of genotype [14,15]. There is non-mutagenic hemochromatosis, which is also called
secondary hemochromatosis. Secondary hemochromatosis is mostly due to intended or unintended
iron exposure to the body or the iron overload due to stress-impaired iron metabolism, which has
not been well-addressed [16,17]. The potential causes of the systemic iron overload are transfusion,
dietary iron excess, iron poisoning, massive hemolysis, ineffective erythropoiesis and underlying
diseases, such as liver cirrhosis, steatohepatitis and porphyria cutanea tarda [17–20]. Transfusion has
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been well-addressed as a main cause of systemic iron overload. Repetitive transfusions within a short
period of time lead to an accumulation of red blood cells (RBC), subsequent extraordinary burden
of disrupted RBCs and subsequent release of heme with ferrous Fe (II). This acute overload from
heme-bound iron can predispose a person to hemochromatosis and subsequent iron poisoning in severe
cases [21,22]. Moreover, secondary hemochromatosis can be also caused by genetic disorders such as
beta thalassemia especially if patients have received a large number of blood transfusions [23]. Many
types of iron overload, other than the transfusion-linked hemochromatosis, are likely to be associated
with diet- or other external factor-linked causes, such as dietary iron overload via consumption
of high iron-containing food, hemolysis-linked iron overload via foodborne factors (infection and
intoxication), and stress-impaired iron metabolism, all of which contribute to the disruption of
iron homeostasis (Figure 2). The present review will address the diet- and stress-linked etiologies
of secondary hemochromatosis and their mechanistic evidence in terms of human nutrition and
metabolism. In particular, the crosstalk among the genes, nutrients and environment will give novel
insights into the understanding of the pathogenesis of secondary hemochromatosis and provide a
potential link to chronic complications in patients with hemochromatosis.

Figure 2. Etiological network in secondary hemochromatosis. Primary hemochromatosis is associated
with mutation in genes involved in iron transport and metabolism, including HFE, hepcidin
antimicrobial peptide (HAMP), hemojuvelin, transferrin, ceruloplasmin, ferroportin and transferrin
receptor-2. Conversely, secondary hemochromatosis is linked to exposure to excess amounts of
iron by transfusion or diet-associated etiologies including dietary iron overload via consumption
of high iron-containing food, hemolysis-linked iron overload via foodborne factors (infection and
intoxication), and stress-impaired iron metabolism. In particular, stress-impaired iron metabolism is
closely associated with the stress responsive sentinels which are involved in the susceptibility to the
hemochromatosis and other chronic distress. Some mutations in the sentinel-linked genes contribute to
primary hemochromatosis.
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2. Dietary Iron Overload

2.1. Iron Overload Via Consumption of High Iron-Containing Food

As mentioned, secondary hemochromatosis is due to either iron overload or iron metabolic
impairment. In contrast with the blood transfusion-linked hemochromatosis, dietary iron excess
tends to increase the systemic levels of both heme and nonheme irons, including circulating ferrous
ion in some populations. In particular, it is common in sub-Saharan African populations who have
the custom of drinking a fermented beverage with high nonheme iron content [24–26]. Dietary iron
overload is more common in men than women, while the prevalence and severity increases with
age [27]. As with hereditary hemochromatosis, different liver pathogenic processes, including hepatic
portal fibrosis, micronodular cirrhosis and hepatocellular carcinoma (HCC), are notable sequelae of
the dietary iron overload since the liver is the organ that is most likely to be inflicted by circulating
iron [28–30]. In terms of histological patterns, the nonheme iron deposition shown in the African
population is prominent in both cells of the mononuclear–phagocyte system and hepatic parenchymal
cells, whereas hereditary hemochromatosis generally does not display elevated iron accumulation in
the macrophages [27]. An exception concerns patients with ferroportin disease caused by mutations of
the solute carrier family 40 member 1 gene (SLC40A1), who also display iron overload, primarily in
Kupffer cells and other macrophages [31]. In addition to the hepatic lesions, dietary hemochromatosis
has been linked to the development of metabolic disorders, including type 2 diabetes, chronic kidney
disease and cardiomyopathy, using the experimental models [32–34]. In addition to the direct toxic
actions of iron excess, the metabolic and inflammatory factors can mediate the age-linked pathological
aggravation, which may contribute to the sequelae of the hemochromatosis. Although the mechanistic
evidence still needs to be addressed, iron-induced oxidative/nitrative stress and reduced antioxidant
capacity play important roles in mediating the pathologic events in the complications of dietary
hemochromatosis. Moreover, nutritional iron overload-linked pathological patterns and complications
in humans are similarly verified in the animal exposure model of dietary iron overload, supporting
oxidative stress-associated disease severity [34].

2.2. Gene–Nutrient–Environment Interactions in Hemochromatosis

All clinical outcomes in African iron overload cannot be explained only by dietary factors.
Since not all black Africans that consume large volumes of iron-rich fermented beverage have
accumulated iron in the liver [24–26], it is expected that a genetic predisposition plays a role in
the pathogenesis of African dietary hemochromatosis. The interaction between iron and genes
can be implicated in a polymorphic variant (Gln248His) of the FPN-1-endocing SLC4A0A1 gene in
African-Americans with their propensity to develop iron overload [35]. Although this variant was
not yet identified in sub-Saharan African populations, it can suggest a potential crosstalk between
genetic factors and dietary iron overload. Although typical patients with symptomatic iron overload
have normal liver condition without alcoholism or viral hepatitis [15], intrahepatic iron overload by
the genetic defects can promote the progression of the infective liver injuries. In particular, chronic
hepatitis C tends to be aggravated by the presence of heterozygous HFE mutations, which leads
to a high deposition of hepatic iron and advanced stages of fibrosis [36,37]. In addition to the
viral infection, patients with hereditary hemochromatosis tend to display altered responses to other
environmental factors, such as alcohol and smoking [38,39]. Among the non-genetic modifiers of
hereditary hemochromatosis, reduced consumption of alcoholic beverages and body weight increase
can explain decreased long-term iron load in hereditary hemochromatosis, while tobacco smoking
may aggravate iron loading [39]. Mechanistically, these beneficial environmental modifiers can protect
the progression of hereditary hemochromatosis-associated injuries in various organs via improved
hepcidin production [39]. Animal studies also demonstrated that increased alcohol consumption
down-regulates hepcidin mRNA expression, which was counteracted by blocking of alcohol metabolic
enzymes [40,41]. Moreover, dietary antioxidants including vitamin E abolished down-regulation of
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hepcidin transcription [41], suggesting that alcohol metabolism-mediated oxidative stress aggravates
hemochromatosis. Another nutritional supplementation with tannins via regular tea drinking is
clinically associated with reduced iron absorption and the low frequency of phlebotomies in patients
with hereditary hemochromatosis [42]. Whereas environmental factors may aggravate or ameliorate
the progression of hereditary hemochromatosis, the only environmental or non-pharmacological
interventions that are successfully proven are dietary restriction of iron availability and venesection.

3. Hemolysis-Associated Hemochromatosis during Foodborne Microbial Infection and
Intoxication

Many biological (infection), chemical (toxins, metals) and physical factors (irradiation) from
food may affect iron metabolism and iron-associated pathogenesis, such as hemolysis [43–47]. Heavy
metals, including cadmium, mercury, lead, arsenic, manganese, chromium, cobalt, nickel, copper,
zinc, selenium, silver, antimony and thallium, can be potential inducers of hemolysis when mammals
are exposed to these toxic metals via circulation [48–50]. In particular, insufficient erythropoietin
production and tissue iron accumulation are the central events in cadmium-induced hemolysis [49].
Although the mechanism of heavy metal-induced hemolysis is controversial, the increase of peroxide
radicals play crucial roles in disruption of the RBC membrane [51]. Moreover, heavy metals lead
to glutathione depletion [52] or disturbance in radical-metabolizing enzymes, such as superoxide
dismutase, catalase or glutathione peroxidase [52,53], causing severe oxidative stress-associated
massive hemolysis and subsequent hemochromatosis.

Foodborne infections and bacterial toxins also trigger massive hemolysis. Hemolytic uremic
syndrome is a representative toxicoinfection by Shiga toxin-producing bacteria, such as enterohemorrhagic
Escherichia coli and several Shigella species [54,55]. Shiga toxins can induce microangiopathic hemolysis
by the activation of vascular endothelial cells, platelet and complement system [56,57]. Among
them, the pathogenic events in the vascular tissues play key roles in determining the disease severity.
There are two groups of Shiga toxins, which are namely, Shiga toxin type 1 and type 2 (Stx1 and
2) [58], which translocate to the ribosome via the retrograde translocation and specifically bind to and
stall the ribosome during translation. The translational inhibition of global proteins in the ribosome
activates the integrated stress responses, leading to various pathologic events, such as inflammation
and sepsis [59–61]. In addition, some other microbial ribotoxins that include trichothecenes from
grain-based foodstuff contaminated with the toxigenic molds, such as Fusariun species, are known to
induce hemolysis [46,62,63]. Depending on the histological and toxicokinetic susceptibility, the fungal
trichothecene mycotoxins, including T-2 toxin and deoxynivalenol, can induce differential levels of
hemolysis in mammalians [46,63,64]. As implicated in the bacterial ribotoxins, an acute high level
of exposure to the fungal trichothecenes produces the radiomimetic syndrome in patients acutely
exposed to toxin-contaminated food [65,66]. In response to these foodborne infection or intoxication,
the pathologic events such as leukopenia and hemolysis may discharge heme into the blood circulation,
resulting in the accumulation of an excessive amount of iron ions in many organs. Foodborne infection-
or intoxication-linked hemolysis as a cause of hemochromatosis can increase the systemic levels of
irons in the circulation, which increases the risk of iron deposition and toxicities in a broad range of
tissues. In addition to hemochromatosis via hemolysis, ribotoxins can cause hemolysis-independent
disruption of iron metabolism, which will be discussed in Section 4.

4. Stress-Impaired Iron Metabolism

4.1. Hepcidin-FPN Axis as the Environmental Sentinel

As mentioned earlier parts, hepcidin is a key regulator of dietary iron uptake in response
to systemic iron status, In particular, the hepatic hepcidin is the main negative modulator of the
posttranslational control of FPN-1 in the liver–target organ axis [67–69]. Hepcidin is a peptide hormone
that is encoded by HAMP gene and is a key regulator in iron homeostasis [70]. The hepcidin level
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is increased by increased iron loading, which is a homeostatic response of the body to restrict iron
absorption. However, abnormally high levels of hepcidin under the pathologic conditions lead to
anemia due to iron deficiency. In contrast, dietary iron deficiency decreases hepcidin production,
leading to intestinal iron absorption and iron release from macrophages so that more iron is available
for the body’s needs [10,71,72]. In response to external insults, such as infections, the hepcidin–FPN
axis provides an antimicrobial machinery by blocking the iron supply to the blood vessel, which
is available for microbial growth [73]. Likewise, other environmental factors, including metals,
can disrupt the hepcidin–FPN axis and induce hemochromatosis [74–76]. Moreover, FPN1 expression
can be transcriptionally regulated by iron and other transition metals. For instance, metals, such as
zinc and cadmium, can activate the metal response element-binding transcription factor-1 (MTF-1),
which can promote the expression of FPN-1 and metal efflux from the cells for protection [76]. As a
counteracting response to metal influx in the circulation, treatment with heavy metals, such as lead,
can enhance the production of hepcidin and consequent sequestering of splenic irons, resulting in
reduced iron availability for erythropoiesis and metal-induced hemolytic anemia in severe cases [50].
Mechanistically, FPN-1 is internalized without phosphorylation in response to hepcidin binding [77].
Hepcidin-induced endocytosis of FPN-1 is highly dependent on ubiquitination in lysine residues
of FPN-1 [78] Internalized FPN-1 cannot be available for iron export from intracellular space to the
circulation. Various environmental factors, such as infections, may influence hepcidin expression and
subsequent hemochromatosis in the extrahepatic regions, including the brain. For example, bacterial
lipopolysaccharide induces the hepatic hepcidin production, which downregulates the bioavailable
FPN-1, leading to intracellular iron accumulation in the brain [79,80]. Perturbations in iron homeostasis
and iron accumulation are observed in the neurodegenerative disorders, including Alzheimer’s disease
and Parkinson’s disease [79]. When taken together, the hepcidin–FPN axis is a crucial sentinel in
response to internal and external stressors, including infection, inflammatory or inorganic toxic insults.
Disruption in this axis of sentinel leads to hemochromatosis.

4.2. IRP/IRE System as the Environmental Sentinel

The iron responsive element binding protein (IRP) binds to the iron responsive element (IRE),
a short conserved stem-loop cis-element. This protein is crucial in iron metabolism because of the
translational regulation of ferritin and transferrin receptor (TfR), which is needed for the import of iron
into the cell [81,82]. IRP is the functional complex that consists of IRP1 and IRP2 as the Fe-S cluster
assembly, which binds to the 5′- and 3′-untranslated regions (UTRs) of the mRNA of target genes. Iron
deficiency allows the regulatory action of IRP. Binding of IRP to the 3′-UTR stabilizes TfR1 mRNA
whereas binding to the 5′-UTR halts translation of the mRNAs of FPN-1 and ferritin. In contrast,
excess iron ions bind to F-box/LRR-receptor protein 5 (FBLX5) and induce protein degradation of IRP
via proteasomal activation, leading to induction of ferritin and reduction of TfR [83,84]. Depending
on the relative location of IRE and the open reading frame, the translation will be differentially
regulated [85]. When cellular iron is scarce, IRP molecules are available for binding to the 5′-IRE
and the initiation of translation of ferritin or ferroportin 1 is blocked. In contrast, when 3′-IRE is
occupied by available IRPs, this enhances the stability of the TfR transcript. When iron is abundant,
very few IREs are occupied by IRPs and TfR mRNA is rapidly degraded, but more ferritin translation
occurs [81]. Ultimately, iron excess downregulates TfR-mediated iron acquisition, while promoting
ferritin-mediated storage and FPN-mediated export. Therefore, ferritin is a representative marker of
iron overload diseases, such as hemochromatosis. Furthermore, the IRP/IRE system also regulates the
level of ferritin mRNA, which is responsible for iron storage in cells and works as a buffer for iron
deficiency. Because ferritin stores iron ions in a non-toxic form, the degradation of ferritin mRNA can
aggravate hemochromatosis-related pathologies. Although ferritin can be used as a potential marker of
hemochromatosis, some of inflammatory or metabolic stressors can elevate ferritin levels irrespective
of iron overload. For example, ferritin levels are high in patients with infections, such as pulmonary
tuberculosis [86,87]. Moreover, ferritin can be a potential biomarker of metabolic stress. Ferritin
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levels throughout childhood are positively associated with cardiometabolic risk in adolescence [88].
In addition to the metabolic diseases, some degenerative disorders display abnormal iron metabolism
of IRP-ferritin, which can be associated with oxidative stress during prion infection [89,90]. However,
activation of IRP by Salmonella infection can promote host innate immunity by inducing expression of
antimicrobial proteins such as lipocalin 2 [91]. Moreover, dietary supplements such as phytochemicals
can modulate hemochromatosis. Exposure to dietary curcumin known as a biologically active iron
chelator perturbs all parameters of iron metabolism, particularly in mice that are fed a low-iron diet
and when the animals display a phenotype of iron deficiency anemia, including a decline in serum
iron and decreased transferrin saturation [92]. Iron chelation is important for managing patients with
iron overload since returning tissue iron levels to normal levels attenuates iron excess-related toxicity.
In particular, curcumin treatment activates IRP and TfR1 while downregulating ferritin and hepcidin
levels in liver or hepatocytes without a consequence of gastrointestinal toxicity [92,93]. Therefore,
although the phytochemical curcumin can facilitate the development of anemia in patients with
marginal iron status, it can potently contribute to intervention with hemochromatosis. Taken together,
the environmental cue-induced alteration of IRP/IRE system is a hallmark of some inflammatory
and metabolic diseases as well as hemochromatosis. However, the disruption of IRE/IRP-linked iron
metabolism may aggravate the disease progression.

4.3. NRF/ARE System as the Environmental Sentinel

Although the posttranslational regulation of FPN-1 has been extensively studied, the transcriptional
regulation by nuclear respiratory factor (NRF) also plays a crucial role in iron regulation [94].
As transcription factors, NFR1 and NFR2 bind to ARE and regulate the expression of target genes,
including cytoprotective factors, such as NAD(P)H quinone dehydrogenase 1, heme oxygenase 1
or Glutamate—cysteine ligase catalytic subunit and FPN-1 [94–96]. Usually, NRF2 that is bound to
Kelch ECH associating protein1 (KEAP1) cannot bind to the antioxidant responsive element (ARE)
and the hijacked NRF2 is degraded through the proteasomal pathway. Oxidative or electrophilic
stress stimulates KEAP1, which releases NRF2 that becomes available for a heterodimer formation
with small musculoaponeurotic fibrosarcoma (sMAF). Following this, the NRF2/sMAF heterodimer is
transported into nucleus and binds to ARE for gene induction [97,98]. Various environmental factors
produce oxidative stress, which would modulate NRF2/ARE-linked biological events. For example,
ochratoxin A, a type of toxin produced by Aspergillus ochraceus, can block the NRF2 pathway in
various ways. Foodborne oncogenic ochratoxin A (OTA) can block the translation of NRF2 through
miR-132 in LLC-PK1 cells [99–101]. As a result, chronic exposure to OTA depletes the protein pools of
NRF2 in cells. Besides, OTA also interferes with the translocation of NRF2 into nucleus, the nuclear
accumulation of NRF2 under the oxidative stress and the binding of NRF2 to ARE [100,102,103].
Moreover, ribotoxic stress downregulates NRF2 through p38 MAPK, leading to the suppression
of FPN 1 in human enterocytes in vitro and nematode gut [47]. Murine genetic ablation models
demonstrate that regulation of NRF-linked sentinel have potential to contribute to iron metabolism
and hemochromatosis. [104,105].

In addition to involvement in FPN1 induction and iron efflux, NRF2-ARE pathways can be crucial
in ameliorating tissue injuries such as oxidative stress during hemochromatosis. Extended exposure
to ribotoxic stress enhances NRF2-linked protection against the oxidative stress in the murine liver
and placenta during the gestational period in mice [106,107]. Moreover, the perylene quinone-type
mycotoxins trigger a concentration-dependent increase in NRF2-ARE-dependent promoter activity
for genes of antioxidant enzymes [108]. In addition, several dietary phytochemicals that are widely
distributed in fruits and vegetables can induce NRF-mediated antioxidant and detoxification enzymes
in a variety of mode of actions, including Keap1-dependent and Keap1-independent cascades
and epigenetic pathways [109]. Therefore, diet-linked hemochromatosis and related disorders
can be potentially counteracted by antioxidant responses of natural NRF modulators. Therefore,
the ultimate risk of diet-linked hemochromatosis needs to be carefully assessed based on food
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composition and the complex interaction between components with opposite regulatory action in the
NRF/ARE-linked sentinels.

4.4. Gut Microbiota, a Crucial Mucosal Sentinel of Hemochromatosis

Iron homeostasis is the important regulatory factor of bacterial infections, colonization and
community in the mucosal ecology. Therefore, patients with hemochromatosis would have altered
responses to infection and immunity. In particular, luminal iron levels affect the composition of gut
microbiota. The epidemic investigation in the gut iron-overloaded population shows a significant
reduction in the beneficial lactobacilli and increased levels of enteropathogens, such as Escherichia coli
and Salmonella species [110]. As described in the environmental sentinel of the hemochromatosis, the
IRP2 and Hfe are important regulators of iron homeostasis and their mutations are closely associated
with hereditary hemochromatosis. In the murine model, a deficiency in IRP2 elevates fecal iron
concentrations, which may determine the abundance of some gut bacteria [111]. Although Lactobacillus
(L.) murinus and L. intestinalis are highly abundant in Irp2−/−mice, Enterococcus faecium and a species
similar to Olsenella are highly abundant in Hfe-/- mice. Moreover, in vitro evaluation suggested that
that the iron supplementation increases the growth rate and health benefits of some lactobacillus
strains [112]. However, these experimental results are in contrast to the epidemiological evidence on
the suppressive effects of hemochromatosis on the beneficial lactobacillus. Thus, there remains the
need to address the complicated mechanisms of iron overload-induced dysbiosis between the genetic
and environmental etiologies. In terms of intervention, dietary factors are very important in improving
the abnormal composition of microbiota and detrimental metabolism by dysbiosis in patients with
hemochromatosis. In addition to controlling a high iron content diet, microbiota-targeted nutritional
interventions could be another innovative opportunity to improve hemochromatosis.

5. Chronic Predisposing Factors

From the analyzed evidence, direct nutritional iron overload and hemolysis-inducing foodborne
factors appear to substantially contribute to most cases of clinical outcomes of hemochromatosis.
However, the stress-impaired iron metabolism is another considerable risk factor of secondary
hemochromatosis. Moreover, the stress-responsive sentinels leading to hemochromatosis are also involved
in various types of chronic diseases inflammatory, fibrogenic and oncogenic disorders [113–116]. Conversely,
environmental sentinel-linked aggravation of iron metabolism may predispose patients with chronic
diseases to hemochromatosis although they have not experienced excessive exposure to external iron
and hemolysis.

Various reports have suggested that patients with hemochromatosis are also susceptible to the
development and progression of these chronic diseases, including metabolic diseases, cancer and
inflammation [117–119]. Untreated hereditary hemochromatosis can be associated with considerable
morbidity due to liver cirrhosis, arthritis and diabetes mellitus and increased mortality [120].
The association of hemochromatosis with type 2 diabetes is mechanistically linked to β-cell dysfunction
and apoptosis, based on the experimental model using Hfe knockout mice, which is mediated
by elevated oxidative stress [121]. Limited studies have linked hemochromatosis to hepatic and
extrahepatic malignancies, including esophageal cancer, colorectal cancer, malignant melanoma and
lung cancer, despite the conflicting evidence [122–126]. Iron reduction by phlebotomy not only
decreased visceral cancer risk by 35% but also decreased mortality in cancer patients by 60% in a
supposedly normal population with peripheral arterial disease [127]. As mentioned in Section 2, dietary
iron overload in black Africans has been positively associated with progression of the hepatocellular
carcinoma (HCC). The risk of HCC development is 4.1 in black patients in southern Africa with dietary
iron overload relative to individuals with normal iron status after adjusting for the confounding
factors, such as alcohol consumption, hepatic viral infections, cirrhosis and dietary exposure to
hepatocarcinogenic aflatoxin B1 [128]. It was also consistent with other observations in Africans that
consider the confounding effects of viral infections [129,130]. Among cancers, HCC is one of the
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most susceptible tumors to iron disorders, which demonstrates the roles of the iron-linked sentineling
pathways in the cancer prognosis based on the clinical gene profiling in HCC patients using a public
dataset (Figure 3). Regardless of their mode of action in iron metabolism, a lower level of expression
of sentineling pathway-linked genes (hepcidin, ferroportin, IRP1/2 and NRF1) was associated with
worse prognosis in HCC, which indicates the regulatory actions of the sentineling pathways against
the tumorigenesis. Consistent with the analysis in HCC, high ferroportin is a strong and independent
predictor of good prognosis of patients with the breast cancer [131]. Thus, all of this evidence suggests
that disruption of these iron-linked sentineling pathways is supposed to be detrimental to cancer
patients. However, experimental evidence indicates the positive association between iron overload and
oncogenic processes, including tumor initiation and promotion. Mechanistically, the local deposition
of an excess amount of iron induces toxicity via oxidative radical production and peroxidation of
lipids and DNA in cells [132,133]. Furthermore, lipid peroxidation can induce the activation of growth
factors, such as TGF-β1, which is a driver of fibrosis through enhanced collagen accumulation and
organelle damage [134]. Although the most well-known mediator between iron overload and chronic
diseases, including tumors, is oxidative stress, additional mechanistic evidence needs to be identified in
the biological network that leads to the redox disturbance. Taken together, while the iron overload can
promote tumor initiation and progression, the iron-linked sentinels can exert regulatory actions against
the malignancy-associated outcomes in patients. However, systematic investigations and tracking of
diverse phases in secondary hemochromatosis are further warranted for better understanding of the
interplay between gene and nutrients via stress sentineling pathways in the malignant complications.

 
Figure 3. Examples for roles of iron stress sentinels in hepatocellular carcinoma (HCC) survival.
The Kaplan–Meier survival plots based on the expression of genes (Hepcidin (cutoff=395.45, (A)), IRP1
(cutoff= 2167.24, (B)), IRP2 (cutoff= 1563.70, (C)), FPN (cutoff= 2757.82, (D)) and NRF1 (cutoff= 6179.32,
(E)), which were obtained from tissues in the patients with HCC (TCGA-LIHC, n = 371). This was
generated by the Cancer Genome Atlas (TCGA) Research Network: http://cancergenome.nih.gov/.
NRF2 did not display significant patterns of gene-associated survival in the present dataset.
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6. Conclusions

In addition to the direct dietary iron exposure, various disease states, including infection, hemolysis
and chronic distress, disturb iron homeostasis, which is comprehensively associated with sporadic
cases of hemochromatosis. Although the mechanistic links could be complicated, the stress-responsive
sentinels support the prediction or monitoring of the outcomes of nutritional hemochromatosis in
association with genetic mutations. Many metabolic, inflammatory and other pathologic insults
can alter the stress sentineling pathways, leading to hemochromatosis, irrespective of external iron
overload. While the stress sentinel-linked molecular events mediate the initiation and progression of
secondary hemochromatosis, mutations in these sentineling pathway-linked genes are also involved
in hereditary hemochromatosis. Therefore, the crosstalk between the hereditary and environmental
etiologies via stress sentineling need to be assessed in order to understand the complex procedure,
which leads to the clinical outcomes of hemochromatosis. Environmental stress sentinels and other
external factors provide potential clues for secondary hemochromatosis and associated complications.
Based on mechanistic evidence, more comprehensive and integrated clinical or nutritional interventions
need to be developed.
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