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ABSTRACT

INVESTIGATION OF COMPENSATORY EFFECT OF
COPPER MINERAL AND IRON-PROTEIN COMPLEXES ON
IRON DEFICIENCY ANEMIA IN HUMAN ENTEROCYTE
CELL CULTURE MODEL

Iron deficiency is the most encountered worldwide nutritional disease, affecting
women, babies, and children. When dietary iron absorption is insufficient to fulfill
physiological demands, nutritional iron insufficiency arises. Legumes are a low-cost
source of protein that are also beneficial for human health. From a nutritional standpoint,
the iron-chelating ability of legume proteins is of importance since they may have high
iron mineral stability against in vitro digestion because they are bound to proteins.
Legume proteins extracts are commonly utilized as functional components; however,
their functionality must be proved in a cell culture system by assessing their physiological
activity. Furthermore, during iron deprivation disturbances in copper homeostasis have
been observed repeatedly in the literature. And this pointed out that copper might have a
compensatory effect on anemia caused by iron deficiency dependant cellular signaling
mechanisms.

Within this context, the main objectives of this Ph.D. thesis were (i) to develop
highly bioavailable, edible protein-iron complex hydrolysates from legumes that can be
used as an additive in food products and investigate their functional properties against
iron deficiency anemia. Also, (ii) investigating the compensatory effects of copper
mineral on iron deficiency anemia and, (7ii) its main application for functional food
development were other driving forces for the experiments.

It was revealed that protein (peptide)-iron complexes derived from lentil (10:1
ratio) and soybean (20:1 and 40:1 ratios) significantly influenced the iron-dependent gene
regulation in enterocyte cells compared to the anemic group. Moreover, intracellular gene
regulation was mainly affected by copper treatment in the basolateral side of enterocyte
cells during IDA, indicating that blood copper level might have the ability to control the

enterocyte iron metabolism at molecular and genetic levels during iron deficiency anemia.



OZET

BAKIR MINERALININ VE DEMIR-PROTEIN
KOMPLEKSLERININ DEMIR EKSIKLIGINE BAGLI ANEMI
UZERINDEKI IYILESTIRiCI ETKILERININ INSAN
ENTEROSIT HUCRE MODELINDE INCELENMESI

Demir eksikligi anemisi, diinya ¢apinda en sik karsilasilan, kadinlari, bebekleri ve

cocuklar1 etkileyen besinsel bir eksikliktir. Besinsel demir eksikligi, besinsel demir

emiliminin fizyolojik ihtiyaclar karsilamada yetersiz kalmasi durumunda ortaya ¢ikar.

Baklagiller, insan sagligi i¢cin de faydali olan diisiik maliyetli bir protein kaynagidir.

Baklagil proteinleri demir baglama yetenegine sahip olmalart agisindan in vitro sindirime

kars1 yliksek demir stabilitesine sahip olabilirler. Baklagil protein ekstraktlar1 yaygin olarak

fonksiyonel bilesenler olarak kullanilmakla birlikte fonksiyonellikleri hiicre kiiltiirii

sistemlerinde fizyolojik aktiviteleri degerlendirilerek kanitlanmalidir. Ayrica, demir

eksikligi sirasinda bakir homeostazinda goriilen dalgalanmalar literatiirde siklikla

belgelenmistir. Bu da bakir mineralinin demir eksikligine bagl hiicresel mekanizmalarin

neden oldugu anemi {izerinde iyilestirici bir etkiye sahip olabilecegini isaret etmektedir.
Bu baglamda bu doktora caligmasinin temel amaclari; gida iirlinlerinde katki
maddesi olarak kullanilabilecek baklagil tiirevli yenilebilir ve yiiksek biyoyararlanima
sahip protein-demir komplekslerinin gelistirilmesi ve demir eksikligi anemisine karsi bu
komplekslerin fonksiyonelliginin arastirilmasidir. Ayrica bakir mineralinin demir
eksikligi anemisi iizerindeki telafi edici etkilerinin arastirilmasi ve fonksiyonel gida
gelistirilmesi i¢in uygulanabilirligi tezin diger motivasyon kaynaklarini olusturmaktadir.
Mercimek (10:1 oraninda) ve soya fasulyesinden (20:1 ve 40:1 oraninda) elde
edilen protein (peptit) — demir komplekslerinin anemik gruba kiyasla enterosit
hiicrelerinde demire bagimli gen regiilasyonunu énemli 6l¢iide etkiledigi ortaya ¢ikmustir.
Ayrica, demir eksikligi durumunda enterosit hiicrelerinin bazolateral tarafindan
uygulanan bakir mineralinin hiicre i¢i gen regiilasyonunu etkiledigi bulunmustur. Bu da
kandaki bakir diizeyinin molekiiler ve genetik diizeyde enterosit demir metabolizmasini

kontrol etme yetenegine sahip olabilecegine isaret etmektedir.
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CHAPTER 1

INTRODUCTION

Food Engineering is a field that scientific principles and engineering methods are
applied together to generate and sustain a wholesome food supply. Nutrition has a very
important place in the studies of food engineering field. Humans and food are discussed
in nutrition, as well as the effects of particular food components, foods, or diets on
metabolism, the outcomes and causes of under- and overnutrition, and other physiological
systems important to the consumer’s health. Following breakthroughs in molecular
biology and the need to explain the organism’s reactions to nutrients at a molecular level,
“Molecular Nutrition” has developed as a new field in nutritional researches. It
investigates how nutrients, particularly micronutrients, interact with genetic factors to
affect human health and the risk of diseases. In other words, molecular nutrition discovers
the molecular relationship between food and health.

The main focus of this thesis is iron deficiency which is the most common global
nutritional disorder and it is usually tried to be treated with two common approaches as
mineral based approach and developing novel dietary supplements. Better understanding
of the effects of mineral-mineral interactions on iron deficiency anemia (molecular
nutrition part) and development of new dietary supplements based on these mechanisms
(food sicence and nutrition part) is important. Considering these two approaches in the
treatment of iron deficiency, studies of this Ph.D. thesis were planned under these two
main topics.

Chapter 3 and 4 focuses on the effects of mineral-mineral interactions pn iron
deficiency. The relationship between copper and iron mineral on iron deficiency anemia
was investigated. During iron deficiency, perturbations in copper homeostasis have
frequently been documented in the literature. And this pointed out that copper might have
a compensatory effect on anemia caused by iron deficiency dependant cellular signaling
mechanisms. After obtaining the conclusion that copper mineral plays an important role
in iron metabolism in Chapter 3, it was planned another set of experiments in parallel
with this study. In the same way, it was designed an experiment to see if the blood iron

level by itself can affect iron metabolism in Chapter 4.



The other three chapters (Chapter 5, 6, and 7) focuses on the development of new
dietary supplements based on mineral-mineral mechanisms against iron deficiency. It was
investigated the effects of protein-iron complexes derived from commonly consumed
legumes on iron deficiency anemia in a cell culture system. Legumes are essential for a
balanced diet and play a significant role in traditional cuisines across the world. Because
of their essential nutrient content, including protein, low glycaemic index carbohydrates,
dietary fiber, minerals, and vitamins, they have a high nutritional profile (Cakir et al,
2019). Legume proteins are also known as “poor man’s meat” because of their affordable
rate compared to animal proteins, as well as their abundance and long-term availability.
Protein content in legumes is 2 to 3 times higher than that of cereals, ranging from 17 to
30% in chickpeas, lentils, dry peas, beans and 35-49.6% in soybeans (Sharif et al., 2018).
Legume proteins offer functional quality that is important in the food formulation and
processing, in addition to their nutritional characteristics (Boye et al., 2010a). Their metal
chelating ability is of interest of this thesis.

The American Dietetic Association Pulses has highly recommended pulses and
some other legumes to enhance the food quality of the US population (Aydemir and
Yemenicioglu, 2013). In addition, the United Nations have proclaimed the year 2016 as
the International Year of Legumes/Pulses, recognizing the nutritional value and
advantages of legumes (Sharif et al., 2018). Pulses are a type of leguminous crop grown
mainly for their dry seed (FAO, 2015) and lentils, dry peas, and chickpeas are the most
well-known and consumed types. By definition, soybeans are not considered as pulse
because their seed is not dry (it contains high amounts of oil). Chickpea, red lentil, pea,
and soybean proteins are of our interest from a nutritional point of view because they may
have high stability of iron mineral against in vitro digestion since iron minerals are
bonded to proteins.

Chickpea (Cicer arietinum L.) is an ancient crop that was domesticated in south-
eastern Turkey and then it has spread to over 45 nations, making it the world’s most
widely cultivated crop (Aydemir et al., 2018). India is the world’s largest producer of
chickpea, followed by Australia, Myanmar, Ethiopia, and Turkey (FAO, 2014). It is a
major dietary pulse with rising demand due to its nutritional content, with carbohydrates
and high-quality protein accounting for 80% of the chickpea dry seed mass (Monk et al.,
2017). Chickpea seeds include a variety of bioactive and functional components that are
useful in health-related and other processed food products. The phenolic content of

chickpea proteins, hydrolysates, and peptides was high, indicating that they possessed



significant antioxidant activity based on free radical scavenging and metal chelating
properties. Chickpea proteins have the potential to be used as functional plant-based
protein sources since their functional quality is comparable to or better than those of soy
and animal-origin proteins (Aydemir and Yemenicioglu, 2013).

The Leguminosae family includes lentils (Lens culinaris L.), which are often
utilized in traditional diets. Lentils are grown in numerous countries throughout the world.
According to the Food and Agriculture Organization of the United Nations Statistical
Databases (FAOSTAT), global lentil output was roughly 7.5 million tons in 2017 and
between 1994-2017 the top three producers were Canada (1.25 billion), India (950
billion), and Turkey (468 billion). Red and green lentils are the most common types of
lentils grown across the globe, however, red lentils account for two-thirds of global output
(Roy et al., 2010). Lentils are high in protein as well as other micronutrients. Furthermore,
lentils have a protein level of approximately 21%-31% on average, with globulins
accounting for 70% of the total protein.

Peas are abundant in protein, dietary fiber, minerals, vitamins and antioxidants,
and pea proteins have a high nutritional value due to their amino acid profile, which
includes a lot of sulphuric amino acids that are essential for mammals (Mierzejewska et
al., 2008).

Soybean (Glycine max) is one of the world’s most important and commonly
consumed legume crops with a global economic effect of $114 billion. The United States
and Brazil are the world’s major producers of soybean. According to USDA nutritional
database, soybean seeds include about 36.5% protein, 19.9% lipids, 30% carbohydrates,
and 9.3% dietary fiber. Soybean consumption has risen in recent years as a result of its
beneficial impacts on human health. It also serves as a primary source of protein for
vegans all over the world (Vagadia et al., 2017).

The link between food and nutrition is critical for sustaining optimal health
conditions in humans. Food is now expected to support wellbeing by preventing nutrient-
related illnesses, in addition to being a source of important nutrients and a means of
alleviating hunger (Admassu et al., 2018). Natural substances have become more popular
with this increasing knowledge (Lafarga et al., 2017). As a result of their influence on
functional health features such as cell proliferation, inflammation, and metabolic
ilinesses, peptides of dietary protein are receiving a lot of attention (Chakrabarti et al.,
2018). By chelating minerals, certain peptides are engaged in nutrient— nutrient

interactions (Eckert et al., 2014) and this might alter cellular mineral metabolism in



humans due to their high stability against in vitro digestion or mineral bioavailability in
enterocyte cells of the intestine.

Iron is one of the essential trace minerals required for humans, and a lack of it
impacts oxygen delivery to tissues, cell development, and energy metabolism (Knutson
et al., 2003). Iron deficiency is the most frequent and prevalent worldwide nutritional
problem, affecting women, babies and children in particular. It is characterized as a
situation in which there are no mobilizable iron reserves and in which evidence of a
weakened iron supply to tissues (WHO, 2001). Over 2 billion people, roughly 30% of the
world’s population, are anemic with iron deficiency being the most common cause. Every
second pregnant woman in an underdeveloped nation is predicted to be anemic, which
has negative consequences such as an increased risk of maternal death, perinatal
mortality, and low birth weight. Nutritional iron deficiency occurs when dietary iron
absorption is insufficient to meet physiological needs. Iron deficiency anemia (IDA) can
arise if iron intake is restricted or inadequate owing to low dietary consumption or the
presence of some chronic conditions.

Iron supplements, which are commercially accessible, are used to treat iron
deficiency anemia. However, they have side effects affecting the gut lumen and mucosal
area of the intestine because of the free iron-dependent radical production. Thus, it might
be important to reduce free iron interaction with the gastrointestinal (Gl) cells during
digestion and absorption. In the end, this will lower free iron toxicity while increasing
iron solubility and bioavailability. Because mammals lack active iron excretory systems,
intestine dietary iron absorption regulates iron homeostasis. Thus, the enhancement of
intestinal iron absorption during IDA is critical to increase the iron level in blood and
peripheral tissues (Evcan and Gulec, 2020).

Food fortification with iron, which is the addition of iron to processed foods, is
the most practical, cost-effective, long-term, and food-based approach in order to
overcome IDA. The World Health Organization (WHO) has also been recommended it
as a significant method for preventing micronutrient deficiencies (FAO/WHO, 2007).
However, it has some limitations related to iron such as low solubility, oxidative reactions
such as lipid oxidation, modification of the flavor and color of the iron-fortified food.
Low dietary iron bioavailability is the most effective factor that causes IDA among these
limitations. (Caetano-Silva et al., 2018). Therefore, new alternative ways have been
searched for fortification with iron that can supply food with low physical and sensorial

change with high bioavailability.



Peptides derived from food protein extracts or hydrolysates have increasingly
attracted interest as novel metal chelators. The chelated mineral is more stable and less
likely to react chemically with the environment (Caetano-Silva et al., 2018), with a
similar or better effect compared to inorganic salts alone (Eckert et al., 2016). Also, amino
acids and certain other organic acids, increase iron absorption by buffering the pH of the
intestinal contents. (Torres-Fuentes et al., 2012). The idea of using iron-protein or iron-
peptide complexes could be an alternative strategy to overcome the problems related to
iron fortification.

Food fortificants including many iron sources such as ferrous sulphate and ferrous
carbonate can be used for designing functional food production. However, they have poor
bioavailability. This might be due to a variety of factors. Mineral solubility is reduced by
the moderate alkaline environment of the intestine. Low solubility indicates that a low
rate of absorption and low bioavailability (Eckert et al., 2016). Furthermore, iron
bioavailability is limited at physiological pH in the presence of peptic digestion because
ferrous ions (Fe?*) are rapidly oxidized to the insoluble ferric (Fe**) form, which must be
first reduced by the enzyme before being absorbed by enteric cells (Torres-Fuentes et al.,
2011, Caetano-Silva et al., 2015 and Caetano-Silva et al., 2018). As a result, substances
that keep iron soluble and stable in the gastrointestinal tract by keeping it in the ferrous
state boost iron bioavailability.

Gastrointestinal digestion has a significant impact on the biological activity of
food-derived peptides, allowing the generation of new active fragments with increased
function or on the other hand, resulting in fragments with reduced or no activity.
(Gonzales-Montoya et al., 2018). These bioactive peptides can also be generated by
previous in vitro protein hydrolysis (Torres-Fuentes et al., 2011). The existence of
digestive enzymes that break down proteins into smaller peptides and individual amino
acids, which move into the systemic circulation via transcellular or paracellular pathways,
limits the absorption of intact food proteins (Markell et al., 2017). So, legume peptide-
iron complexes might be used as dietary supplements to increase mineral solubility and
bioavailability. Furthermore, because these peptides have strong antioxidant properties,
they may help to reduce iron oxidation in the gastrointestinal tract and/or during food
storage. The peptides must reach their targets intact in order to exhibit their bioactivity,
therefore biostability and bioavailability are critical for delivering physiological

advantages (Mohan et al., 2015).



Within this context, the main objectives of this Ph.D. thesis were (i) to develop
highly bioavailable, edible protein-iron complex hydrolysates from legumes that can be
used as an additive in food products in order to reduce iron deficiency risk in humans and
(ii) to investigate their functional properties against iron deficiency anemia. Legume
proteins extracts are widely used as functional ingredients however their functionality
must be demonstrated by testing their physiological function in the cell culture system.
Therefore, it is important to be aware of knowing how the mechanism works. (iii)
Investigating the compensatory effects of copper mineral on iron deficiency anemia and
(iv) its main application for functional food development were other driving forces for

the experiments.



CHAPTER 2

LITERATURE REVIEW

Iron deficiency is one of the major global nutritional deficiencies especially in
women, infants and children, and defines as a condition in which there are no mobilizable
iron stores and in which signs of a compromised supply of iron to tissues (WHO, 2001).
Due to undesirable effects such as an increased risk of maternal death, perinatal mortality,
and low birth weight, iron deficiency is a major health problem during pregnancy. A
nutritional iron deficiency arises when physiological requirements cannot be met by iron
absorption from the diet. If iron intake is limited or inadequate due to poor dietary intake,

or in the presence of some chronic diseases iron deficiency anemia may occur.

2.1. Main Functions of Iron

Iron is the fourth most prevalent transition metal by weight, accounting for the
majority of the Earth’s crust, which is a physiologically important trace element for all
living things (Abbaspour et al. 2014; Verma et al, 2017). Because iron is the major
component of hemoglobin, it is required to transport oxygen to tissues in the human body.
It also acts as an active center of proteins, facilitating oxygen and electron transfer in
metalloenzymes, and take important roles in cell division and differentiation, generation
of mitochondrial energy, mechanisms of DNA replication and repair, protection from
reactive oxygen species (ROS), and immune response against to pathogenic
microorganisms (Gulec et al., 2013). Iron is essential for myelination of the spinal cord
and white matter of the central nervous system in the brain; hence it plays an important
role in neuron signaling (Saini et al., 2016). As a consequence, iron is a vital component
for the survival of living things.

Despite the fact that iron is involved in a variety of noteworthy functions in

biological systems, it is insoluble at physiological pH resulting in low bioavailability.



Thus, iron transport mechanisms and storage proteins have developed in all living
organisms (Durukan et al., 2011). Because mammals lack a unique active excretory
system for iron, its level is regulated by intestinal absorption in the human body.
Therefore, it could be said that in the context of molecular and genetic regulation,
intestinal iron metabolism is critical. Insufficient dietary iron absorption from the
intestine results in IDA, the world’s most common nutritional deficiency. Excess iron in
the body (hemochromatosis), on the other hand, can lead to serious complications such
as type 1 diabetes, thalassemia, liver dysfunction, myelodysplastic syndromes, and sickle
cell disease (Guilbert, 2003).

2.1.1. Iron Metabolism and Intestinal Absorption

The reticuloendothelial system (RES) regulates the iron balance in the human
body. Iron is used by the bone marrow to produce hemoglobin. After hemoglobin is
produced, spleen macrophages break it down. Free iron is transported into the
bloodstream and stored in the liver or utilized in other tissues for physiological purposes
(Figure 2.1).
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Figure 2.1. Iron recycling system in the human body.

(Source: Knutson and Wessling-Resnick, 2003)

Because there is no specific active iron excretory system, intestinal iron

absorption is the most important stage in regulating whole-body iron levels. As indicated



previously inadequate absorption causes anemia whereas excess iron causes tissues
toxicity. Intestinal absorption of inorganic iron from dietary sources is thought to be
mediated by two processes, as indicated in Figure 2.2 (Gulec et al., 2014). In both of the
hypothesized pathways (A and B) the reductase protein (duodenal cytochrome B
(Dcytb/Cybrd1)) found in the apical side of the intestine, which is the side the enterocyte
cells facing the nutrients, converts ferric form (Fe*) to ferrous form (Fe?*) (McKie et al.
2001). Because only Fe?* is physiologically active in human cells, this conversion step is

essential for iron absorption.
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Figure 2.2. Iron absorption mechanisms of small intestine enterocyte cells (A
and B). (Source: Donovan et al., 2000)

The best-described mechanism for iron absorption is depicted in Figure 2.2 as
“A”. Divalent metal transporter (Dmt1), which is a member of the solute carrier group of
membrane transport protein found on the apical side of the enterocyte cells, reduces iron
to Fe?* and then enters the cell. Iron may enter cells in two ways. In a first way, iron is
stored in ferritin (Ftn) and second, iron is transferred into the bloodstream (Harrison and
Arosio, 1996). The enterocyte’s basolateral side that interacts with blood vessels is where
iron efflux occurs. Hephaestin (Heph), which is an oxidase protein, oxidizes Fe?* to Fe%*
and then an oxidized form of iron is transferred to the exterior of the cell by Ferroportin
(Fpnl) (Donovan et al., 2000). Iron binds to transferrin (Tf) in the blood and is transported



to other tissues such as bone marrow, liver (Anderson et al., 2002). As a second way
shown in Figure 2.2 as “B”, the transport protein Dmtl found on the apical side of the
cell takes up Fe?* by the endosomal complex generated within the cell (Ma et al. 2002).
After that, Fe?* is converted to Fe®*" by the oxidase protein Heph, and Fe* on the
endosome is transported to the blood by the transport protein Fpnl. It is then carried to

the body’s tissues via the transporter protein Transferrin (Tf).

2.1.2. Genetic Regulation of Intestinal Iron Homeostasis

Dietary iron deficiency is a major signal for gene regulation in enterocyte iron
metabolism. The coordinated controlled expression of the transferrin receptor and ferritin,
which mediate iron intake and storage, respectively, achieves cellular iron homeostasis.
IRP1 and IRP2, two cytoplasmic iron regulatory proteins, are involved in the
posttranscriptional process. During iron deficiency, IRPs stabilize the transferrin receptor
and bind to iron responsive elements (IREs) of ferritin mMRNASs within their untranslated
regions which limits the translation. The IRE/IRP system also regulates the expression of
other IRE-containing mRNAs that encode for proteins of iron and energy metabolism.
IRP1 and IRP2 activities are controlled by different posttranslational mechanisms in
response to iron levels in the cells (Panthopoulos, 2004).

Nonpeptide-encoding motifs at the 5’end of Fpn1 and Ftn mRNASs have a function
in the regulation. These motifs at the 3’ends of mRNAs of Tfrl, which is responsible for
intracellular iron absorption in liver cells, and Dmt1, which is responsible for transporting
iron in the intestine. IRPs bind to the IRE base sequence at the 5’end of the mMRNAs when
iron levels decrease, affecting the binding of mMRNA to the ribosome complex and
reducing protein synthesis. It binds to the 3’end of the RNAs and enhances mRNA
stability by decreasing exonuclease-mediated mMRNA degradation (Panthopoulos, 2004).
Based on this mechanism, when the level of intracellular iron is raised Ftn and Fpnl
protein generation occurs, the mRNA stability of Dmtl and Tfrl is reduced concurrently.
Conversely, mRNA stability of Dmtl and Tfrl enhances at the point that Ftn and Fpnl
protein synthesis reduces when the level of intracellular iron reduces (Muckenthaker et
al., 2008).

10



2.2. Effects of Copper on Physiological Iron Metabolism

Previous investigations have noted that copper influences iron metabolisms (Fox,
2003; Klevay, 1997; Chase et al., 1952). During iron deficiency, in many mammalian
species, body copper levels are increased, including in the intestinal mucosa, the liver,
and in serum. Copper may be a key player in the compensatory response of the intestinal
epithelium to increase body iron acquisition during states of deficiency.

The physiological link between copper and iron metabolisms is well defined in
two different tissues. Hephaestin (Heph), which is responsible for the oxidation of iron
(Fe?*>Fe®") in the intestinal enterocyte cells, cannot be functional without having copper
in its structure. Reeves and Demars (2004) discovered that nutritional copper deficiency
inhibited the release of iron from enterocyte cells into the blood, resulting in iron
deficiency in rats. Another study revealed that, aside from hephaestin, enterocyte cells
may contain unidentified copper-dependent proteins that are involved in iron oxidation
(Gulec and Collins, 2014). Ceruloplasmin, a copper-dependent protein present in the
liver, performs the same function as hephaestin is essential for the release of iron
deposited in the liver (Harris et al., 1995). The amount of copper in the enterocyte cells
and blood was shown to be enhanced in the case of anemia caused by insufficient iron
administration (Ravia et al., 2005). However, the physiological reason for the increase in
enterocyte cells is unknown. In the same study, it was declared that there was a significant
increase in the level of gene expression of the transport protein Atp7a in the rat enterocyte
cells induced with deficiency dependent on diet. Another research focused on iron
metabolism in an in vitro rat enterocyte cell model formed by deleting the Atp7a protein’s
mMRNA. The expression levels and regulation of genes involved in iron metabolism were
found to be changed (Gulec and Collins, 2014). However, the molecular mechanism
behind this impact is unknown. In a hypoxic situation produced by iron deficiency, certain
genes involved in iron and copper metabolisms in enterocyte cells showed comparable
coordination (Xie and Collins, 2011). Thus, iron deficiency anemia impacts iron and
copper-dependent pathways in enterocyte cells, and copper mineral may play a role in

iron-deficiency-dependent regulation.
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2.2.1. Main Functions of Copper

Copper is a cofactor in the structure of several key enzymes for physical
functioning and it is necessary for their functionality. For instance, it regulates the activity
of enzymes involved in the synthesis of collagen and elastin proteins in connective tissue
(Collins and Klevay, 2011). Copper has been demonstrated to be beneficial in carrying
out heart cells functions, and copper deficiency has been linked to heart function problems
(Klevay, 2000). Copper is also required for the proper functioning of important enzymes
present in brain cells (Krebs and Krawetz, 1993). Copper deficiency impairs the activity
of these enzymes, resulting in unfavorable health outcomes in a variety of physiological
conditions.

Copper is absorbed by the body at a rate of 0.6 to 1.6 mg per day by intestine
enterocyte cells. Copper level in the human body is estimated to be around 4.5 mg/kg of
body weight (Prohaska and Gybina, 2004). Although the copper deficiency is less
common than iron deficiency, it can lead to death if not treated earlier. Copper deficiency
is frequently inherited, and Menkes disease develops as a result of the intestine’s inability
to absorb copper. (Tumer and Moller, 2010). Wilson’s Disease has undesirable
consequences, for example, is caused by an excess of copper mineral in the body
(Sternlieb, 2000). Therefore, as with iron, the amount of copper in the cell should be

closely regulated.

2.2.2. Copper Metabolism

Proteins involved in copper absorption from intestinal enterocyte cells and cellular
copper metabolism are depicted in Figure 2.3. The most common type of copper present
in foods is the cupric state (Cu?*). The reductase protein found in enterocyte cells converts
to Cu?* form to Cul* state (Wyman et al., 2008). Intracellular copper transport protein,
Ctrl, located on the apical side where first encountered part with the food of enterocyte
cells, transports Cu'* into the cell by forming endosomal complex (Sharp, 2003). Because
free copper in the cell is toxic, it is transferred to the target proteins, immediately.
Superoxidase dismutase, Sod1, transports copper mineral via copper transporter protein,
Ccs (Kim et al.,, 2008). Another transport protein, antioxidant protein-1 (Atox-1),

transports copper to Atp7a protein which is responsible for transporting copper to Golgi
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apparatus for the generation of copper-dependent proteins (Prohaska and Gybina, 2004).
The cytolosic metallothionein protein, Mtla, stores copper mineral in the cell or copper
is given to bloodstream through enterocyte cells with Atp7a transport protein (Kim and
Petris et al., 2007). The copper is converted to Cu?* oxidizing with oxygen when flows
into the blood and is delivered to all of the body’s organs via albumin or macroglobulin
proteins (Prohaska, 2008).
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Figure 2.3. Copper absorption mechanisms of small intestine enterocyte cells.

2.3. lronin Food

Iron may bind to heme proteins in flesh foods like fish, meat, and poultry as well as non-
heme (or inorganic) forms present in plant foods, like cereals, spices, beans, herbs, nuts,
fruits, and vegetables (Saini et al. 2016). Although the processes for absorbing these two
types of iron are distinct, they both collect in the same iron pool in the body and contribute
to iron metabolism in the same way. Heme iron absorption is efficient and relatively
unaffected by other nutrients in the diet. Non-heme iron (mostly ferric state), on the other
hand, is very insoluble and its bioavailability is influenced by other dietary factors.
Gastric acid and ascorbic acid help to convert to ferrous state and solubilize dietary ferric
iron, allowing for better absorption. Additionally, dietary factors present in plants, such

as polyphenols, phytate, tannins, and oxalate, reduce nonheme iron absorption. Proton
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pump inhibitors, which are used to treat stomach acid reflux, Helicobacter pylori
infection, and inflammatory disorders such as celiac disease, reduce nonheme iron

absorption (Gulec et al. 2014). The main subject of this thesis is nonheme absorption.

2.4. lron Bioavailability

The proportion of food that can be absorbed through/by the intestine and rendered
accessible for metabolic use or storage is referred to as bioavailability (Lowe and
Wiseman, 1998). The bioavailability of an essential metal is governed by its metabolic
utilization in nutrition sciences. For this purpose, the term “total utilization is used here
to refer to the portion of a nutrient that is utilized in metabolism following digestion,
absorption, and distribution. (Schiimann and Elsenhans, 2002). The term “bioavailability”
refers to the availability for absorption, also known as “bioaccessibility”; as well as
absorption; tissue distribution; and bioactivity. (Stahl et al., 2002).

Dietary iron occurs in two forms: heme and nonheme as mentioned in Section 2.2.
Heme iron is highly bioavailable (15%-35%) and dietary factors have little effect on its
absorption, on the other hand, nonheme iron absorption is much lower (2%-20%) and the
presence of other food components strongly affect its absorption. Moreover, in most
meals, the amount of nonheme iron consumed is several times larger than that the amount
of heme iron consumed. Nonheme iron thus provides more to iron nutrition than heme-
iron, despite its reduced bioavailability. Iron absorption is inhibited by phytic acid,
polyphenols, calcium, but ascorbic acid and muscle tissue promote absorption converting
ferric iron to ferrous iron and binding it in soluble complexes (Abbaspour et al, 2014).

Parameters such as solubility and binding constants of produced iron complexes,
play a crucial role in iron bioavailability since they determine the degree to which iron is
absorbed. Most iron absorption is assumed to occur in the duodenum (pH 6-6.5) and
upper jejunum (pH between 7 and 9) after reduction of Fe®* to Fe?* by an enzyme (ferro-
reductase) found in the gut wall. If simply considering pH, the high solubility of iron in a
medium at pH > 5 would result in good bioavailability, (Tian et al., 2016).

Iron deficiency is caused by absorbing less iron from the food than the body
required for good health. Low iron intake or consumption of foods with poor iron
absorption, i.e. foods that have low iron bioavailability, can lead to this scenario. lron
bioavailability can vary from 2 to 35% depending on the state of iron in the food and the
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presence of enhancers or inhibitors of iron absorption. As a result, it is critical to assess
foods for their ability to offer bioavailable iron in order to supply consumers with accurate
information on a good iron-rich diet (Lai et al., 2012). Ferritin is the major intracellular
iron-binding protein that stores iron in an insoluble form, as previously stated. The
majority of iron is bound to ferritin, which is widespread and well preserved (Abbaspour
etal, 2014; Gulec et al. 2014). Ferritin has several implications for iron from a nutritional
point of view. To begin with, it has a gradual iron release profile, which implies it may
protect intestinal cells from oxidative damage when compared to some other conventional
supplements. Second, because ferritin internalization differs from that of small iron salts,
chelates, or heme, supplementation may be a more effective strategy to treat iron
deficiency anemia than traditional iron therapies.

The seeds of legumes are rich in high-quality protein for human and animal
nutrition ranging from around 20% (dry weight) in peas and beans to 38—40% in soybeans
and lupins. Beans, soybeans, lentils, peas, and chickpeas are all legumes and are common
staple foods. Albumins, globulins, glutelins, and prolamins are the traditional
classifications for storage proteins based on their solubilities. Albumins are water-
soluble, globulins are insoluble in pure water but dissolve in dilute saltwater solutions,
glutelins are soluble in dilute acids or bases, and prolamins are soluble in ethanol/water
solutions. Globulins, which are generally classified as 7S and 11S globulins according to
their sedimentation coefficients (S), are the most common type of storage protein in grain
legumes. However, the amino acid composition only shows the potential quality of a
protein, with bioavailability being crucial for amino acids supply in the diet. Food
proteins and their peptide fragments can be effectively used as biological carriers for
metals (Duranti M., 2006).

2.5. Importance of Fortification for Iron Deficiency

There are too many ways for preventing iron deficiency such as food
diversification, supplementation, fortification, and biofortification. Food fortification is
usually regarded as the deliberate addition of one or more micronutrients to particular
foods, so as to increase the intake of these micronutrient(s) in order to correct or prevent
a demonstrated deficiency and provide a health benefit and among multiple strategies to
control iron deficiency.
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Food fortification is an effective measure to increase the intake of iron without
causing a change in the existing dietary patterns. However, fortification of foods with iron
is more difficult compared to other nutrients, such as zinc in flour, iodine in salt, and
vitamin A. It has some limitations (Gupta et al, 2015). For example, designing of stable
products containing highly bioavailable iron sources remains a challenging goal. On one
hand, water-soluble mineral salts or complexes with high bioavailability may cause
physico-chemical instabilities and often react with other food components causing
sensorial problems with the products such as off-flavors, color changes, or fat oxidation.
On the other hand, the slow dissolution of mostly insoluble mineral compounds in the
form of large particles becomes the rate-limiting step and leads to the low bioavailability
(Tian et al., 2016; Abbaspour et al, 2014).

Fortification is usually made with much lower iron doses than supplementation.
Ferrous sulfate, ferrous fumarate, ferric pyrophosphate, and electrolytic iron powder are
among the iron compounds indicated for food fortification. Wheat flour is the most
frequent iron-fortified food and it is generally fortified with elemental iron powders,
which WHO does not suggest. Hurrell and Egli (2010) reported that of the 78 national
wheat flour programs only eight would be expected to improve iron status. Commercial
infant foods, such as formulas and cereals, are also commonly fortified with iron
(Abbaspour et al, 2014).

Because IDA impacting over 2 billion people worldwide is the most prevalent and
pervasive nutritional condition. Iron fortification, such as ferrous iron salts (ferrous
sulfate and ferrous gluconate), is now the most widely used method to combat IDA.
However, such treatment has been associated with adverse effects such as constipation,
diarrhea, and decreased growth. Therefore, the non-heme iron from plant resources also
iron binding capacities are taken into account, is a good choice. Non-heme forms, such
as iron carbonyl, iron-dextran, and ferritin existed in plants, could play an important role
in iron fortification. (Yang et al., 2015). Wherein phytoferritin represents a novel and
natural strategy for iron fortification (Lonnerdal, 2009, Theil et al., 2008), and has
received increasing attention for many years. For example, 90% of the total iron is stored
in ferritin in plant species, particularly in legume seeds (Liao et al., 2014).

In the study conducted by Zhu, Glahn, Nelson and, Miller (2009) studied the effect
of pH on the bioavailability of iron in soluble ferric pyrophosphate (a soluble complex of
ferric pyrophosphate and citric acid) and other iron fortificants, using a Caco-2 cell

culture model with, or without, the combination of in vitro digestion. They discovered
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that exposing FeSO4to pH 2, and then adjusting to pH 7 significantly reduced FeSO4
bioavailability. The effects of pH on iron bioavailability have been found to be minimized

by chelating iron ions (Tian et al., 2016).
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CHAPTER 3

COMPENSATORY RESPONSE OF COPPER MINERAL
ON INTESTINAL IRON DEFICIENCY ANEMIA

Iron is an essential and vital nutrient for life, as it enables the systems of living
organisms to function properly. Because iron is the major component of hemoglobin, it
is required to transport oxygen to tissues in the human body. Moreover, it is necessary for
controlling cell division and differentiation, mitochondrial energy generation, DNA
replication and repair, and immunological response to pathogenic microorganisms (Gulec
and Collins, 2014, Verma et al., 2016). Because mammals lack a specialized active iron
excretory system, iron levels in the human body are strictly regulated through intestinal
absorption. Therefore, intestinal enterocyte cells keep the body’s iron levels under
control. Iron deficiency anemia is caused by insufficient dietary iron absorption through
enterocyte cells of the intestine, which is one of the most common nutritional deficiencies
worldwide, especially in women, newborns, and children. Many mammalian species,
including humans (Fox, 2003), have higher copper mineral levels in their intestinal
mucosa (El-Shobaki and Rummel, 1979), liver, and serum (Ece et al., 1997) as a result of
iron insufficiency. It has been observed in previous studies that copper homeostasis
disturbances have been linked to iron metabolism (Gulec and Collins, 2014, Fox, 2003,
Collins et al, 2010, Ha et al, 2017, Wang et al., 2018).

Divalent metal transporter (DMT1), the iron exporter ferroportin 1 (FPN1), might
represent a potential connection between iron and copper metabolisms since there are
studies that suggest the iron amount is regulated by copper in the intestine (Gulec and
Collins, 2013, Matak et al, 2013, Wang et al., 2018). Hypoxia-inducible factor 2a (HIF-
20) in the intestine, because it modulates apical and basolateral iron transporters, is
critical for iron absorption during iron deficiency (Schwartz et al, 2019). Copper affects
the DNA-binding activity of HIF-2a, demonstrating once again another link between the

copper mineral and iron homeostasis. DMT1 and FPN were shown as direct target genes
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related to HIF-2a (Anderson et al., 2013). mRNA regulation of Ankyrin repeat domain
37 (ANKRD37), prolyl 4-hydroxylase (P4hal), and HIF prolyl hydroxylase 3 (EGLN3)
are the most well-known marker genes for the hypoxic signal under iron deficiency.

In brindled mice, the regulation of genes involved in iron and copper homeostasis
was disrupted, according to a recent study conducted by Gulec and Collins (2013).
However, when intracellular copper level increased during iron deficiency anemia (IDA),
copper did not affect the genes' regulation, which plays a role in enterocyte iron
metabolism. Enterocyte cells from the mice intestine were treated with high intracellular
and low blood copper levels in the same research. Thus, blood copper level would be a
more important regulator of iron metabolism-related genes during IDA. The apical side
of the enterocyte is in contact with dietary nutrients, whereas the basolateral part is in
contact with the blood. Considering this apical and basolateral polarization, different
sides of enterocytes which in relation to different environmental conditions (diet or blood)
may be necessary for controlling the molecular and genetic regulation of iron metabolism
in enterocyte cells. However, to the best of our knowledge, no research exists related to
the dependency of the apical versus basolateral copper for enterocyte cell iron metabolism
during IDA. Given this background, the studies of this chapter investigated the effects of
dietary and blood copper treatments separately on iron and iron-dependent hypoxic gene

regulations of anemic enterocyte cells by in vitro modeling of the human intestine system.

3.1. Cell Culture

The human colorectal adenocarcinoma epithelial cell line, Caco-2, was purchased
from the American Type Culture Collection (ATCC, HTB-37, Manassas, VA). Caco-2
cells were cultured in minimal essential medium (MEM) (Sigma, United Kingdom)
supplemented with 20% fetal bovine serum (FBS) (Gibco, Cat. No. 10500), 1% penicillin
and streptomycin (100 U/mL) and, 1% nonessential amino acid solution (Gibco, Cat. No.
11140). They were maintained in 75 cm? culture flasks at 37°C in a constant humidified
incubator with an air atmosphere of 5% CO2/95% O.. When cultures reached 70-80%
confluency, they were plated for either subsequent passage or treatment. Caco-2 cells

used for the treatment experiments were between the 20™-30™ passages.
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3.2. Modeling of the Human Intestinal System and Copper Treatments
of Apical and Basolateral Sides of the Cells During Iron Deficiency

Anemia

To test the effect of the dietary and blood copper on iron deficiency anemia, the
human intestinal system was mimicked. The Caco-2 cells were seeded into a bicameral
collagen-coated polytetrafluoroethylene membrane with 0.4-um pore size and 1.12 cm?
diameter (12-well inserts) (Corning, Cat. No.: 3493). After three days of confluent
culture, the cells were grown for an additional 21 days to form a monolayer and became
polarized under standard conditions in the indicated MEM media. The experimental cell
medium was changed every other day. Transepithelial electrical barrier resistance
(TEER) was measured by an epithelial volt-onm meter (EVOM; World Precision
Instruments, Inc., FL, USA) to confirm the cell tight junction integrity. Cell monolayers
with the TEER values above 250 Q/cm? were only used for the treatment experiments
(Sambuy et al. 2005). Iron deficiency anemia was induced in the cells at 21-day of post-
seeding using a chemical agent (Deferoxamine, DFQ) at a concentration of 200 uM. After
incubation for 24 h, the apical and/or basolateral compartments of anemic Caco-2 cells
were treated with the copper (copper (Il) chloride, CuCly; 100 puM) or iron (ferric
ammonium citrate, FAC; 100 pug/mL) and/or together at the same time for further 18h in

the incubator (Figure 3.1).

3.3. Determination of the Effect of Copper on Iron Metabolism at the

Molecular and Genetic Level

The Caco-2 cells were seeded at 1x10° cells/well into classical cell culture plates
(12-well plates) (Costar, Cambridge, MA) to investigate the effects of Cu on molecular
and genetic regulation of iron metabolism. Iron deficiency anemia was induced in the
cells at 21-day of post-seeding 200 uM DFO. After incubation for 24 h, anemic cells were
treated with the copper and/or iron minerals at the same concentrations as previously
described in Section 3.2 (Figure 3.2).
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Figure 3.1. Determination of the effect of copper mineral on the molecular and genetic regulation
of iron metabolism in anemic cells growing on 12-well inserts. G1: Control group,
G2: Anemic group, G3: Copper treated group in anemic condition from the apical
side, G4: Copper treated group in anemic condition from the basolateral side, G5:
Iron and copper treated group in anemic condition from the apical side, G6: Iron and
copper treated group in anemic condition from the basolateral side.
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Figure 3.2. Design of the experiments for determination of the effect of copper on iron metabolism
at the molecular and genetic level in anemic cells growing on 12-well plates. G1: Control
group, G2: Anemic group, G3: Copper treated group in anemic condition, G4: Copper

and iron treated group in anemic condition.



3.4. Quantitative Real-Time Polymerase Chain Reaction (QRT-PCR)

MRNA expression levels of the marker genes that regulate iron metabolism and
hypoxic condition were evaluated. Total RNA was isolated from cells with RNAzol
reagent (MRC, Cat. No.: RN190) following the manufacturer's protocol. One microgram
of each total RNA was converted to cDNA using the cDNA synthesis kit (Lifetech, Cat.
No.: 4368814). gRT-PCR was performed on an ABI StepOnePlus instrument (Lifetech,
CA, USA) by using gene-specific oligonucleotide primers and SYBR-Green mix
(Lifetech, Cat. No.: 4367659). Ct (threshold cycle) levels were normalized according to
CYPA mRNA expression as a housekeeping gene (Table 3.1.). Mean fold changes in
gene-specific MRNA levels from all experimental groups were calculated by the 244t
analysis method (Hu et al., 2010).

Table 3.1. Marker genes that were used in the evaluation of the effect of copper

treatments on iron metabolism.

Iron Metabolism  Hypoxia  Copper Metabolism

DMT1 ANKRD37 MT1A
FPN EGLN3

HEPH
TFR

3.5. Statistical Analyses

The results were expressed as the mean values + standard deviation of three
independent experiments with at least two parallels of each experimental group.
Statistical analysis for more than two groups was carried out by one-way analysis of
variance (ANOVA) with Tukey’s post hoc test by using GraphPad Prism 6 (GraphPad
Software Inc., CA, USA). Data were considered significant for p < 0.05.
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3.6. Results and Discussions

3.6.1. Modeling of Human Intestine System and TEER Measurements

of Monolayer Caco-2 Cells

The apical and basolateral polarization of Caco-2 cells can behave like the human
small intestine (Sambuy et al., 2005). Therefore, Caco-2 cells were grown on the
bicameral cell culture system for 21 days, and then DFO and mineral treatments were
performed. TEER was measured from all experimental groups at the end of 21 days and
after treatments to control the stability of the monolayer integrity of the cells. As shown
in Figure 3.3, no significant changes were observed in TEER values between the
experimental groups before and after Cu and Fe treatments. Furthermore, TEER values
that are higher than 250 ohm/cm? reflected the experimentally polarized cells (as apical

and basolateral) in the human intestinal system.

[ Before treatment

Il After treatment
1500+

1000+

500+

TEER (ohm/cm?)

Control DFO DFO DFO DFO DFO
+ + + +
Cu Cu CutFe Cu+Fe

(Apical) (Basolateral) (Apical) (Basolateral)

Figure 3.3. Transepithelial electrical resistance (TEER) measurements in the Caco-2 cells

grown on bicameral insert for 21 days.
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3.6.2. Apical and Basolateral Treatments of Copper in DFO Induced

Anemic Monolayer Caco-2 Cells

When the Caco-2 cells are grown on the bicameral cell culture system, it allows
us to study the effects of apical and basolateral Cu treatment on the regulation of iron
metabolism-related genes in enterocyte cells during DFO induced IDA. DFO treatment
induced DMT1, TFR, and ANKRD37, and EGLN3 mRNA levels; however, FPN, HEPH,
and MT1a were not affected (Figure 3.4). When Cu was given to the apical side of the
cells, it did not affect mMRNA levels of genes, including DMT1, TFR, ANKRD37, and
EGLN3 that were induced by DFO. Cu treatment of the basolateral side of cells
significantly reduced DMT1, FPN and TFR, and ANKRD37 mRNA levels under the IDA
condition. Moreover, DMT1, FPN, HEPH, and TFR gene expressions were not changed
by apical side treatments of the cells by Cu and Fe, whereas ANKRD37 and EGLN3
mMRNA levels were slightly reduced. Furthermore, when both Cu and Fe were given to
the basolateral side of the cells, mMRNA levels of iron regulating genes (DMT1, FPN, and
TFR), and hypoxia-related genes (ANKRD37, and EGLN3) were significantly lower than
all treatment groups. MT1a mRNA levels were significantly increased by basolateral Cu
treatment of cells, and this induction was higher when both Cu and Fe were given to the
basolateral side of the cells (Figure 3.4a and b).

3.6.3. Effect of Copper on Iron Deficiency Anemia in Caco-2 Cells

Grown on the 12-well Tissue Culture Plates

Copper and iron interaction in enterocyte cells has attracted interest since their
homeostasis is controlled by intestinal absorption. In this study, Caco-2 cells were grown
on 12-well tissue culture plates for 21 days and then treated by DFO to induce IDA. The
cells were treated to Cu with and without Fe. Then mRNA levels of iron regulating and
iron-dependent hypoxia regulating genes were evaluated to see the effects of Cu on iron
metabolism during IDA (Figure 3.5). DFO treatment significantly induced DMT1, TFR,
and ANKRD37, and EGLN3 mRNA expression levels, whereas FPN, HEPH, and MT1a
MRNA levels were not affected. The Cu treatment did not reduce DFO induced gene
MRNA expressions and did not affect FPN and MT1a mRNA levels. However, Cu with
Fe treatment significantly reduced DMT1, TFR, HEPH, ANKRD37, and EGLN3 mRNA
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Figure 3.4. The effect of copper mineral on iron and hypoxia-regulated gene mRNA expression levels under the anemic conditions in
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Figure 3.5. The effect of copper mineral on iron and hypoxia-regulated gene mRNA expression levels under the anemic condition in Caco-2

cells grown on the 12-well cell culture system for 21 days. The effects of Cu and Cu with Fe on iron (a) and hypoxia (b) regulating

gene mRNA expressions. Data presented as mean £+ SD (n = 3). Different letters on bars indicated significance (p < 0.05).
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levels. Moreover, it was observed that Cu and Fe together significantly upregulated MT1a
MRNA expression.

Enterocyte cells are unique cell types in the intestine due to the interaction
between diet and the internal circulatory system of the body. Thus, the dietary and blood-
derived stimulus might play a role in enterocyte nutrient metabolism. Copper and iron
have physiological interactions in enterocyte cells during IDA. In many mammalian
species, iron deficiency leads to elevated Cu levels in enterocytes (Ravia et al., 2005),
serum ('Yokoi et al., 1991), and liver (Sherman and Moran, 1984), indicating that copper
might influence intestinal iron metabolism. Iron and copper interactions have been
investigated in brindled mice (Mo®™) and researchers observed no perturbation in iron
absorption during anemia (Gulec and Collins, 2013). In this study, the enterocyte copper
level of mutant mice was high due to nonfunctional ATP7 protein. In contrast, these mice
were systemic copper-deficient; thus, enterocyte cells were exposed to two different
copper levels. Furthermore, it was observed that dietary-induced iron deficiency
upregulated mRNA expressions of iron-regulated genes, including DMT1, TFR, and
ATP7A, but high enterocyte copper level did not affect the gene regulations suggesting
that blood Cu level might be an important dietary factor for gene regulations in enterocyte
cells during IDA. Thus, Caco-2 cells were grown on the bicameral cell culture plates to
mimic the human intestine system to test whether dietary (apical side) or blood copper
(basolateral side) are involved in iron-dependent genes regulation during IDA.

In the current study, marker genes that were regulated by iron deficiency anemia
including iron transporters (DMT1, TFR, HEPH, and FPN) and iron-dependent hypoxic
genes (ANKRD37 and EGLN3) were selected. Furthermore, MT1A mRNA level was used
to control intracellular mineral uptake since MT1A is regulated by intracellular Cu and
Zn, respectively (Gefeller et al., 2015, Gulec and Collins, 2014). The results showed that
Cu and Cu with Fe in the basolateral side of the cells reduced marker genes mRNA levels
(DMT1, FPN, TFR1, HEPH, and ANKRD37) compared to the apical Cu and Cu with Fe
treatment group during IDA. This suggested that Cu sensing of the basolateral side of the
cells might be different from Cu sensing of the apical side. Cu regulates the MT1A mMRNA
levels, and its level is correlated with elevated intracellular Cu (Gulec and Collins, 2014).
It was observed that MT1A mRNA levels were significantly induced when Cu and Cu
with Fe were given to the basolateral side of the cells suggesting that the level of Cu in
the blood might be a compelling factor for the regulation of iron deficiency-related genes

in the intestine. Furthermore, the basolateral side of the enterocyte cells may play a role

27



in Cu sensing. The importance of the molecular and genetic interactions between
basolateral and apical sides of polarized enterocyte cells has been indicated in different
studies. It was shown that glucose treatment in the basolateral side of the Caco-2 cells
induced apical cholesterol uptake and the mRNA levels of the cholesterol transporter gene
(Ravid et al., 2008), indicating that basolateral signaling influences fatty acid metabolism
through the apical side of enterocyte cells. Moreover, Han et al. (2002) showed that both
apical and basolateral Cu treatment increased Fe uptake in non-anemic Caco-2 cells.
Moreover, Cu treatment of apical and basolateral sides also induced DMT1, TFR, and
FPN mRNA levels compared to the control group. All together results suggest that
basolateral and apical sides of enterocyte cells might have a different physiological
response regarding the same nutritional stimulus.

Caco-2 cells can differentiate on the regular tissue culture plate when they are
grown 21 post-confluent days. Differentiation of Caco-2 cells gives different genetic
responses for a variety of cellular physiological pathways (Sambuy et al., 2005).
However, the polarization of those cells on the insert system might be another factor that
can influence genetic regulation. Thus, Caco-2 cells were also grown on regular tissue
culture plates at the same time that performed bicameral cell culture experiments. It was
observed similar results for marker genes regulation between apical side Cu treatment
groups and Cu treatment on Caco-2 cells that were grown on tissue culture plates.
However, basolateral Cu treatment affected regulations of DMT1, FPN, HEPH, MT1A,
ANKRD37 genes compared to results from the cells that were grown on tissue culture
plates. Our results suggested that the polarization of the Caco-2 cells might be an
important factor for gene regulation in terms of Cu treatment in this study. It might be
better to account for polarization of the Caco-2 cells for gene regulation or whole-genome

array studies.

3.7. Conclusion

The nutrient-dependent regulation of enterocyte cells is central to the intestinal
nutrient-sensing mechanism. The basolateral and apical sides of the enterocyte cells are
the primary targets to understand nutrient sensing in terms of nutrient overload or
deficiency. Furthermore, the polarization of Caco-2 cells also might influence gene
regulation. The results obtained from studies of the last experimental chapter of this thesis
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suggested that intracellular gene regulation was mainly affected by copper treatment in
the basolateral side of enterocyte cells during IDA, indicating that blood copper level
might have the ability to control the enterocyte iron metabolism at molecular and genetic
levels during iron deficiency anemia. The blood copper level might be an important
regulator for intestinal iron metabolism during iron deficiency anemia. The main
application of this finding might be that copper mineral could be considered to add with
iron mineral for functional food development processes or iron supplements to reduce the

risk of iron deficiency.
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CHAPTER 4

INVESTIGATION OF THE EFFECTS OF IRON MINERAL
ON IRON METABOLISM UNDER ANEMIC CONDITIONS

Iron deficiency is the most common and widespread global nutritional disorder
especially in women, infants, and children, and is defined as a condition in which there
are no mobilizable iron stores and in which signs of a compromised supply of iron to
tissues (WHO, 2001). 2 billion people, over 30% of the world’s population, are anemic
many due to iron deficiency. In developing countries, every second pregnant woman is
estimated to be anemic that leads to adverse outcomes such as an increase in the risk of
maternal mortality, perinatal mortality, and low birth weight. A nutritional iron deficiency
arises when physiological requirements cannot be met by iron absorption from the diet.
If iron intake is limited or inadequate due to poor dietary intake, or in the presence of
some chronic diseases iron deficiency anemia may occur. Thus, the iron mineral that
comes from the diet is important and the intestine plays a vital role to maintain iron
homeostasis in the human body. However, whether dietary iron or blood iron level is
determinant in the intestinal iron metabolism is unknown. Within this context, the
objective of this chapter was to investigate the effects of dietary and blood iron levels on

the molecular and genetic regulation of intestinal iron metabolism.

4.1. Cell Culture

The human colorectal adenocarcinoma epithelial cell line, Caco-2, was purchased
from the American Type Culture Collection (ATCC, HTB-37, Manassas, VA). Caco-2
cells were cultured in minimal essential medium (MEM) (Sigma, United Kingdom)
supplemented with 15% fetal bovine serum (FBS) (Gibco, Cat. No. 10500), 1% penicillin
and streptomycin (100 U/mL) and, 1% nonessential amino acid solution (Gibco, Cat. No.
11140). They were maintained in 75 cm? culture flasks at 37°C in a constant humidified
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incubator with an air atmosphere of 5% C02/95% O>. When cultures reached 70-80%
confluency, they were plated for either subsequent passage or treatment. Caco-2 cells

used for the treatment experiments were between the 20"-30" passages.

4.2. Investigation of Importance of Dietary and Blood Iron on Intestinal

Iron Deficiency

To investigate the iron metabolism, classical cell culture plates (12-well plates)
were used whereas special bicameral insert systems (12-well inserts) were used to model
the human small intestine system as the luminal region (apical part) in contact with the
food and the region in contact with the blood circulation system (basolateral part).

Caco-2 Cell Line

12-well Plates Bicameral Insert Systems

|

' ¢

Investigation of dietary and

Investigation of iron metabolism ] _
. blood iron level importance on
(General view) _ o
iron deficiency

Figure 4.1. Diagram of the investigation experiments of iron mineral on iron metabolism

under anemic conditions.
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4.2.1. Determination of Cell Density on 12-well Plates

Cell seeding density which is one of the important culture-related factors, was
standardized in order to make experiments reproducible and reliable. The cells were
seeded at a density of 3 different levels: 6x10% 1x10°% and 4x10° cells per cm? on
polystyrene well plates (Corning) on standard conditions as described in Section 3.1 to
form a monolayer (Figure 4.2). They were allowed to differentiate for 21 days prior to

experiments. The medium was changed every 2-3 days.

=100
T OO
OO

Figure 4.2. Cell density determination experiment on polystyrene 12-well plates.

4.2.2. Modeling of Human Intestinal System and Formation of Cell

Barrier System

Caco-2 cell line models the human intestinal system by mimicking its
physiological properties when grown for 21 days on special membranes. The Caco-2 cells
were seeded in bicameral collagen-coated12-well inserts and grown to form a monolayer.
Under standard conditions for 21 days, the cells were polarized. The bicameral system
consisted of two parts: A 04 pm sized pore and a 12-mm diameter
polytetrafluoroethylene membrane covered with collagen protein to help for cell adhesion
(apical part), and a 12-well cell culture plate, which this membrane was placed in
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(basolateral part) shown in Figure 4.3. The apical part was modeled as the part where the

nutrients come in whereas the basolateral part was modeled as where the nutrients pass

into the blood.

Top Side

A

i Polarized
i i CaCo 2 cells
{
Membrane Cell culture Well Basolateral Membrane

Figure 4.3. Special bicameral cell culture insert system.
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VARSI

Cellular Electrical
Resistance Measurement
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Figure 4.4. Measurement of the transepithelial electric barrier resistance (TEER).

Transepithelial electrical barrier resistance (TEER) was measured by an Epithelial
Voltohmmeter (World Precision Instruments, Inc., FL, USA) to control if the cells were
maintained their monolayer and polarized structure. The evommeter had two electrodes
of different lengths (Figure 4.4). The shorter electrode was placed in the apical part

whereas the longer electrode was placed in the basolateral part. The barrier resistance
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created by the cells was measured by the device in ohms. It was stated that this value was
at least 250 ohm/cm? for Caco-2 cells and it was noted that this value was reached after
4-day-cell incubation (Liang et al., 2000). It was very important that the cell barrier

system was exactly at the desired level for further experiments.

4.2.3. Induction of Iron Deficiency and Iron Treatment

In order to investigate the effects of iron treatment on molecular and genetic
regulation of iron metabolism on anemic cells, iron deficiency anemia was induced using
a chemical agent (Deferoxamine, DFO), which bound available iron to DFO. The formed
iron-DFO complex was not available for the cells anymore. When the cells reached 21-
day-confluency in 12-well plates and 12-well- inserts with the determined density, DFO
was added into the medium (200 uM) for 24h to develop anemic conditions. After 24h,
anemic cells were treated with iron (FAC, ferric ammonium citrate; 100 pg/mL) for 18h
(Figure 4.5).

The experimental groups used for the determination of the effects of iron mineral
on iron metabolism in anemic cells growing on 12-well plates and 12-well inserts were

shown in Figure 4.6 and Figure 4.7., respectively.

Cells DFO (200 uM) Iron (FAC, 100 pg/mL)
(21-day-confluent) Treatment Treatment
24 h 18 h
S OH o O OH O

s |

0
| N~ ~NH  HyC-§-OH
:)Ok/\g v e P,
l NJ\/\WN\/\/\/N\H/CHs — 0”7 "OH
o

OH 0 0 xFe3* yNHg

Figure 4.5. Induction of iron deficiency and subsequent iron treatment in cells growing

on 12-well plates and 12-well inserts.
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4.3. Quantitative Real-Time Polymerase Chain Reaction

The mRNA expression levels of the marker genes that regulate iron and hypoxia
were evaluated. Total RNA was isolated from cells with RNAzol reagent (MRC, Cat.
No.: RN190) following to manufacturer’s protocol. One microgram of each total RNA
was converted to cDNA using the cDNA synthesis kit (Lifetech, Cat. No.: 4368814).
gRT-PCR was performed on an ABI StepOnePlus instrument (Lifetech, CA, USA) by
using gene-specific oligonucleotide primers and SYBR-Green mix (Lifetech, Cat. No.:
4367659). Cr (threshold cycle) levels were normalized according to human cyclophilin
A (CypA) mRNA expression as a housekeeping gene. Mean fold changes in gene-specific
mRNA levels from all experimental groups were calculated by the 224t analysis method
(Gulec and Collins, 2013).

24 h

Control _|—>

G1 (Normal Condition)

S—

Determination

Cell Line G2 [ DNA of mRNA
i +DFO RNA oy €207 iy
Maintenance mmic fioi d_l_bition) ™ Isolation = Synthesis Levels
1 (qPCR)

|
+DFO ey I+ Iron

(Anemic Condition)

G3

Figure 4.6. Determination of the effect of iron mineral on the molecular and genetic
regulation of iron metabolism in anemic cells growing on 12-well plates. G1:
Control group, G2: Anemic group, G3: Iron treated group in anemic

condition.

4.4. Statistical Analysis

Statistical analysis for more than two groups was carried out by using “One-way

analysis of variance (ANOVA)” with Tukey’s posthoc test (significance threshold of p <
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0.05). PRISM software, version 6 (Graph Pad Software, Inc., San Diego, CA, USA) was

used in the analysis of statistics and constructing the figures. Results were expressed as

mean = SD of triplicate experiments and considered statistically significant for p values

less than 0.05.
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Figure 4.7. Determination of the effect of the iron mineral from the diet or from the diet

on polarized anemic cells growing on 12-well inserts. G1: Control group, G2:

Anemic group, G3: Apical side-iron treated anemic group, G4: Basolateral

side-iron treated anemic group.
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Table 4.1. Marker genes that were used in the evaluation of the effect of treatments on

iron metabolism.

Iron Metabolism Hypoxia

DMT1 ANKRD37
FPN EGLN3
FTN

HEPH
TFR

4.5. Results and Discussion

4.5.1. Caco-2 Cell Line and Effect of Cell Density on Cell Culture

Due to the hardness of ex vivo use of enterocyte cells from intestinal tissues in a
short period of time, alternative cell models that are cultivable and metabolically active
under appropriate conditions have gained importance. Considering the accessible cell
models, normal human enterocyte cells are rarely encountered in the literature. Therefore,
it is important to use cells that can be closely mimic the human intestine system. Caco-2
is a well-characterized human colon adenocarcinoma cell line, and it has been extensively
used as the intestinal barrier for over forty years. The cells undergo spontaneous
differentiation when grown on a bicameral cell culture insert system for about 14 to 21
days that giving great similarity to human polarized absorptive enterocyte cells in terms
of functional, metabolic, and biological properties (Sambuy et al., 2005). Compared with
other colon carcinoma cell lines, the CaCo-2 cell line has been shown to have better
morphological and functional properties for nutritional metabolism studies (Chantret et
al., 1988). Caco-2 cell line model is commonly used for investigating the enterocyte iron
and copper metabolisms (Han and Wessling-Resnick, 2002; Linder et al., 2003; Chicault
et al., 2006; Zhu et al., 2006; Pourvali et al., 2012)., transport of nutrients (Yin et al.,
2014), drugs (Sevin et al., 2013) and functional substances (Satake et al., 2002). For all

reasons above, the Caco-2 cell line was chosen for the experiment of this thesis.
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There are some culture-related factors that should be strictly standardized in order
to make experiments reproducible and reliable. Cell seeding density is one of the
important culture-related factors considering that cells undergo differentiation when they
reach confluence. Different studies have been reported a wide variety of cell seeding
densities ranging from 2x10* (Dalmasso et al.,2010) or 6x10° cells/cm? (Yu and Hung,
2013). In this study, 3 different levels (6x10%, 1x10°, and 4x10° cells/cm?) of cell seeding
density were screened on polystyrene 12-well plates. At the end of the second day of the
cell seeding experiment, it was observed that the wells inoculated with lower cell density
(6x10* cells/cm?) were not covered by cells, the wells inoculated with medium cell
density (1x10° cells/cm?) were confluent with the monolayer. The wells inoculated with
high cell density (4x10° cells/cm?) also reached confluency, however, they formed the
multilayer structure which caused cell detachment. It can be thought that higher seeding
densities of cells could be advantageous to reach confluency in a shorter time,
nevertheless as figured out in the experiment due to the cell detachment it is most likely
that the cells will end up with death. As a result, cell density for further experiments was
determined as 1x10° cells/cm? in accordance with the other studies in the literature
(Senarathna and Crowe, 2015; Span et al., 2016).

4.5.2. The Effect of Iron Treatment on Molecular and Genetic
Regulation of Iron Metabolism of the Cells Growing on
12-well Plates

The effects of iron mineral on iron metabolisms of on anemic cells grown on 12-
well plates were evaluated in terms of molecular and genetic regulation. According to the
results (Figure 4.8), when DFO was given to the cells and anemia induced expression
levels of TFR and DMT1 genes increased, whereas the expression levels of FPN, FTN,
and HEPH genes decreased significantly. Also, it was also understood from the figure
after iron treatment on anemic cells, the expression levels of all marker genes showed
similar profiles with the control group, and they were not different statistically. In other

words, iron treatment was efficient to recover anemic cells.
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Figure 4.8. The effect of iron treatment on iron metabolism on anemic cells growing on
12-well plates. Tfr: Transferrin Receptor, Fpn: Ferroportin, Dmtl: Divalent
metal transporter 1, Ftn: Ferritin, Heph: Hephaestin. Data presented as mean
+ SD (n = 3). Different letters on bars indicated significance (p < 0.05).

Hypoxia is integrally related to iron metabolism. Intestinal hypoxia-inducible
factor 2o (HIF-2a), which is a transcriptional factor, is essential for iron absorption during
iron deficiency anemia by regulating apical and basolateral iron transporters (Schwartz et
al., 2019). Iron regulates the hypoxic response and hypoxia alters levels of iron regulatory
and storage proteins (Harned et al., 2014). mRNA regulation of Ankyrin repeat domain
37 (ANKRD3) and Hif prolyl hydroxylase 3 (EGLN3) were the most well-known marker
genes for the hypoxic signal under iron deficiency. These marker genes were investigated
in order to understand that how the hypoxic signal changed when the iron was given to
cells. As illustrated in Figure 3.9, hypoxia due to iron deficiency anemia increased the
expression of ANKRD37 and EGLN3 mRNA by about 8- and 4-fold, respectively.
According to the study conducted by Hu et al. (2010), it was demonstrated that iron
mineral recovers an increasing intracellular hypoxic environment. In this study, the iron
supplied to the anemic cells decreased the expression level of ANKRD37 and EGLN3
mRNA significantly to the expression level of the mRNA of the control group in

accordance with the literature.
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Figure 4.9. The effect of iron treatment on hypoxia-induced gene expression on anemic
cells growing on 12-well plates. ANKRD37: Ankyrin Repeat Domain 37,
EGLN3: Hif prolyl hydroxylase 3. Data presented as mean + SD (n = 3).
Different letters on bars indicated significance (p < 0.05).

"Melting Curve Analysis" was used to control whether the primers recognized the
target MRNAs in the gPCR protocol, or they bound to other non-specific sequences. This
step was controlled for each primer and each qPCR assay performed in the study. The
melting curves of some genes were illustrated in Figure 4.10. The uniform peaks seen in
the figure indicated that the primers were specifically bound to the target sequences.
However, it was encountered with some problems when the 'Melting Curve' analysis was
applied for DCYTB, and P4HAL primers, the genes planned to be studied within the scope
of the thesis. The experiments were repeated with the primers re-ordered to different
companies, nevertheless, primers continued to bound non-specific sequences. Hence

these two marker genes were excluded from the study.
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Figure 4.10. 'Melting Curve' results from selected primers. A) Melting curve of EGLN3,

b) melting curve of P4HAL, c) melting curve of FPN, d) melting curve of
DCYTB.

4.5.3. Effect of Iron Treatment on Molecular and Genetic
Regulation of Iron Metabolism of the Cells in

Bicameral System (Modeling of Human Intestinal System)

Caco-2 cell line models the human intestinal system by mimicking the

physiological properties, namely they differentiate to polarize, generate microvilli on the
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apical side of the cell membrane and form tight junctions between adjacent cells of
enterocyte cells responsible for absorption when grown for 21 days on special membranes
(Alvarez-Hernandez et al., 1991, Yu and Huang, 2013).
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Figure 4.11. Determination of cell polarization by TEER and effect of experimental
treatments on cell barrier resistance. Data presented as mean £ SD (n = 3).

Different letters on bars indicated significance (p < 0.05).

The polarization of Caco-2 cells was checked by measuring cell barrier resistance
(Transepithelial electric resistance, TEER) across the cell monolayer. TEER was
measured at the end of 21-day-incubation in order to control cell differentiation.
Similarly, after DFO and iron treatments to the cells, TEER was also checked in order to
control whether the treatments affected the cell structure and viability. According to the
measurements, there was no significant change in TEER values before and after cell
treatments among the experimental groups as shown in Figure 4.11. Therefore, it could
be concluded that DFO and iron given to the cells were taken only paracellular way.

Subsequently, the effect of iron minerals that came from the diet or found in the
blood on polarized anemic cells was investigated. After checking the TEER values of the
21-day-confluent cells, DFO and iron treatments for the specified amounts and duration

described as in Section 4.2.3 were given to the cells. Thereafter, as described in Section
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4.3, RNA isolation, cDNA synthesis, and subsequent g°PCR method for the target genes
indicated in Table 4.1 were performed. The cells were grown in the bicameral system in
order to model the physiological structure of the human intestinal system. The effect of
dietary and blood iron mineral level on enterocyte iron metabolism and hypoxia under
anemic conditions was investigated by giving iron minerals to apical and basolateral parts
of the system, separately. The apical part represented the part where the nutrients come
in whereas the basolateral part represented the part where the nutrients pass into the blood.
It could be considered that it was very difficult to study the effects of dietary and blood
iron levels separately in animal studies because of the systemic relationship between
organs and systems in the human body. The in vitro cell model used in this study enabled
us to determine the effects of iron minerals that came from nutrients or found in blood on
enterocyte cells, separately.

First, the effect of iron minerals on iron metabolism was investigated (Figure
4.12). It was observed that TFR and DMT1 mRNA expression levels increased under iron
deficiency induced by DFO compared to the control group. Subsequent reduction of
dietary nonheme ferric iron, Dmt1 transports the ferrous iron from the absorptive surface
of the small intestine across the apical membrane of enterocytes (Gulec et al., 2014). The
results were in accordance with the previous studies in which it had been reported that
the intestinal DMT1 expression had been strongly upregulated by iron deprivation and
consequent hypoxia, accounting for the increased uptake of iron under in deficiency
(Linder et al., 2003; Gulec et al., 2014). Transferrin is the plasma iron transport protein
and Tfr-bound ferric iron is distributed to the circulation throughout the body (Gulec et
al., 2014). It had been shown that Tfr expression was increased in response to iron
deficiency and decreased when intracellular iron levels were high (Zoller et al., 2002).
Therefore, it could be said that an increase in TFR1 expression was indicative of iron
deficiency as observed in the experiments. As illustrated in Figure 4.12, apical iron
mineral significantly increased mRNA expression of Heph protein compared to the
control group. On the other hand, when the iron was applied to the basolateral side, the
level of HEPH mRNA decreased significantly compared to all experimental groups. In
addition, this decrease was down to the level of the gene expression level in the control
group. The membrane-bound ferroxidase Heph is believed to facilitate iron out of the cell
by oxidizing the soluble ferrous iron into the ferric state prior to its release by Fpn which
is the only known iron exporter in humans (Lee et al., 2012; Vashchenko and

MacGillivray, 2013). According to the results obtained, an increase in FPN expression
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was found upon DFO treatment of Caco-2 cells in the case of apical iron treatment,
whereas FPN expression was reduced upon basolateral iron treatment. A regulated
localization process for hephaestin in response to apical iron could provide the means to
regulate iron export only when dietary iron is available and prevent depletion of cellular
stores (Lee et al., 2012). Ftn is the well-known marker for cellular iron uptake and stores
iron when not needed elsewhere in the organism. As seen in Figure 4.12, mRNA levels
of FTN did not differ between the experimental groups.

It has been shown that when DFO was given to Caco-2 cells the level of Hif2a
protein increased and this increase caused an increase in Ankrd37 and EgIn3 levels (Hu
etal., 2010). Hypoxic condition diminished due to iron mineral given to the cells. In this
study, the iron mineral that had been administered to the cells reduced the levels of
ANKRD37 and EGLN3 mRNA to levels in the control group shown in Figure 4.13. In
other words, hypoxia due to iron deficiency anemia increased the expression of
ANKRD37 and EGLN3 mRNA compared to control groups. Also, it was observed that
there was no significant difference between the mMRNA levels of these genes when the
iron was treated apically and their levels of DFO. In contrast, basolateral iron treatment
of cells significantly reduced these protein expressions. These results suggested that the
iron mineral level in the blood could be more important in the regulation of hypoxic

response in enterocyte cells.

4.6. Conclusion

The Caco-2 cells were grown in classical cell culture plates (12-well plates) and
special bicameral cell culture insert systems for 21 days and investigated the effects of
iron mineral on iron metabolism and hypoxia in case of iron deficiency anemia. It is
unknown that whether dietary iron or blood iron level is determinant in the intestinal iron
metabolism to maintain iron homeostasis in the human body. So, one of the most
important parts of this chapter was the modeling of the human small intestine system. In
this way, the human body was modeled as the luminal region (apical) in contact with the
food and the region in contact with the blood circulation system (basolateral). This

polarization allowed us to investigate the molecular and genetic effects of iron minerals
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Figure 4.12. The effect of iron treatment on iron metabolism on anemic cells growing on
12-well inserts. TFR: Transferrin Receptor, FPN: Ferroportin, DMTL1:
Divalent metal transporter 1, FTN: Ferritin, HEPH: Hephaestin. Data
presented as mean + SD (n = 3). Different letters on bars indicated

significance (p < 0.05).
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Figure 4.13. The effect of iron treatment on hypoxia-induced gene expression on anemic
cells growing on 12-well inserts. Ankrd37: Ankyrin Repeat Domain 37,
EglIn3: Hif prolyl hydroxylase 3. Data presented as mean + SD (n = 3).

Different letters on bars indicated significance (p < 0.05)
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found in the blood and/or come from diet separately on anemia and anemia-dependent
hypoxia in the enterocyte cells of the human small intestine. When comparing the levels
of DFO and iron-treated cells grown on plates to cells grown on inserts, it was observed
that there was a significant difference in the regulation of DMT1, FTN, and HEPH genes.
The main reason for this change was thought to be due to differences in the way cells
growth, in other words, due to the localization of proteins. For example, in human
enterocyte cells, Dmtl protein functions in the apical region whereas Fpn protein
functions in the basolateral region. Also, apical and basolateral affects Heph localization
in polarized cells. Since there was no polarization in plates it was not possible to predict
such a difference, the localization and regulation of the proteins might be similar to the
in vivo situation due to polarization in the cells grown on the membrane. Also for the
cells grown on inserts, the most important point out of these results was that the iron
mineral given to the basolateral part (the part of the enterocyte cell which is facing the
blood) showed the significant effects on the genes that play a role in iron metabolism
compared to the apical part (the part that in contact with the food). So, it can be concluded
that the level of iron in the blood might be more important than the dietary intake.
However, the most important point that should not be missed was that blood iron level
was regulated with dietary iron. There are three ways to maintain iron homeostasis in the

human body:

(1) iron can be injected into one of the blood vessels,
(i) iron pills can be used as supplements or,
(iii) by the development and consumption of functional foods that have high iron

bioavailability.

Frequent injection of iron is inconvenient and considering the toxicity of
iron, it can cause administration problems. Also, some problems that come from
taking pills are common such as their side effects (constipation, diarrhea, sickness,
vomiting, etc.) and swallowing pills can be a problem, either. Therefore, it is
important to develop edible natural iron supplements that can be used as an additive
to food products to make them “functional” via enhancing their iron bioavailability
in order to reduce iron deficiency risk in humans. With this study, it was shown that

the mechanism of why we need to develop a functional food.
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CHAPTER 5

FUNCTIONAL PROPERTIES OF LEGUME PROTEINS
AND IRON SALT

Protein functionality could be a useful instrument for both industry and human
wellbeing. Proteins with mineral chelating activity have been shown to have potential
applications in the treatment of mineral deficiencies. Several research studies have
examined the chelating ability of proteins and/or peptides to promote and enhance mineral
bioavailability. Hence, chelating proteins and/or peptides, isolated from vegetable protein
hydrolysates, may also improve the bioavailability of iron minerals without causing any
side impacts on human wellbeing.

Legumes are a low-cost source of protein that are also beneficial for human health.
They also have ability to chelate iron minerals. From a nutritional standpoint, the iron-
chelating ability of legume proteins is of importance since they may have high iron
mineral stability against in vitro digestion because they are bound to proteins.

This chapter describes the functional properties of legume proteins in terms of
total protein and water-soluble protein amounts and iron chelating abilities at various pH
conditions. Moreover, iron salt solubility was evaluated and compared to protein
solubility profiles to find out the optimum binding conditions for further protein-iron
complexation experiments which are one of the subjects of Chapter 6. Finally, iron

chelating capacities of protein extracts from all legumes were investigated.

5.1. Materials

The dried chickpeas (cv. Kogbasi) and red lentils were purchased from a
supermarket in Izmir, Turkey, and dried soybeans (non-GMOQO) were ordered from a local
company. They were refrigerated until used. Peas were purchased from a local market in

Izmir and frozen until used. Ferrous chloride tetrahydrate (FeCl2.4H20), bovine serum
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albumin (CAS: 9048-46-8), ferrous sulfate heptahydrate (FeS04.7H20) (CAS: 7782-63-
0), ethylenediaminetetraacetic acid disodium salt dihydrate (EDTA-Nay), glacial acetic
acid (CHsCO2H) (CAS: 64-19-7), hydrochloric acid (HCI) (CAS: 7647-01-0), sulfuric
acid (H2S0.) (CAS:7664-93-9), orthophosphoric acid 85% (HsPO4) (CAS: 7664-38-2),
ethanol 96% (CH3CH.OH) (CAS:64-17-5), sodium hydroxide (NaOH) (CAS:1310-73-
2), and Coomassie® Brilliant blue G-250 (CAS:6104-58-1) were purchased from Sigma-
Aldrich (St. Louis, MO, USA). 3-(2-pyridyl)-5,6-diphenyl-1,2,4-triazine-4’,4’-
disulfonic acid monosodium salt (Ferrozine) (CAS: 69898-45-9) was purchased from
Fluka (USA).

5.2. Protein Extraction

The crude protein extracts from legumes (lentil, chickpea, soybean, and pea) were
prepared by the alkaline extraction method (Aydemir and Yemenicioglu, 2013). Briefly,
50 g of each legume were rehydrated overnight at 4°C in 500 mL of deionized water,
separately. The mixtures were then homogenized for 2-4 minutes in a Waring blender,
and the pHs were adjusted to 9.5 using 1 mol/L NaOH. Magnetic stirring was used to
extract the homogenates for 2 hours at room temperature. The tough particles of insoluble
debris were subsequently filtering out using cheesecloth, and the remained solution was
utilised in protein purification by classical isoelectric precipitation (IEP). The protein
extracts of all legumes were first clarified by centrifugation for 30 minutes at 15,000 g at
4°C. The proteins in the obtained supernatants were then precipitated by the IEP by
changing the pH of extracts to 4.5 using 1 mol/L acetic acid. Centrifugation was used to
collect the precipitated proteins, which were then resuspended in distilled water at pH 7.0.
The IEP was then applied for the second time as described above, and the precipitated
proteins were lyophilized following suspending in distilled water (Labconco, FreeZone,
6 L, Kansas City, MO, USA). The lyophilized legume protein extracts were obtained by
the IEP method contain mainly globulins. The lyophilized chickpea, pea, lentil, and
soybean protein extracts were coded as CPE, PPE, LPE, and SPE, respectively and stored

at -20°C for several months until they were used for further experiments.
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5.3. Total (TPrC) and Water-Soluble Protein Contents (WSPC) of

Legume Extracts

The Kjeldahl method was used for the determination of total nitrogenous
compounds in protein extracts of legumes by using an automated testing machine
(Gerhard vapodest 50s and Kjeldahl Therm, Germany). 1 g of lyophilized protein extract
of each legume was heated to 450°C using 25 mL of 96% (v/v) H2SOs, a catalyzer and
antifoaming agent and maintained for 4 hours. After the burning step, the samples were
cooled to room temperature and the titration process was carried out using 0.1M HCI. The
total protein contents (TPrC) were calculated by using the conversion factor of 6.25. The
average of three replicates was used to calculate the total protein contents and results were
expressed as g protein per g of protein extract (g/g).

The water-soluble protein contents (WSPC) of protein extracts of each legume
were determined by the Bradford method with minor modifications using bovine serum
albumin (BSA) as standard (Bradford, 1976) (Appendix A) and the method was also
adapted for small volumes (uL order) to reduce the amount of protein isolates and
Bradford solution used. For the preparation of Bradford solution 100 mg of Coomassie
Brilliant Blue, 50 mL of ethanol, and 100 mL of orthophosphoric acid (85 %) were
dissolved in deionized water (total volume 1 L) and were filtered through filter paper. 20
mg of lyophilized protein extracts were dissolved in 10 mL deionized water at different
pHs changing between pH 2.0 and pH 8.0 by using 0.01 mol/L NaOH or 0.01 mol/L acetic
acid solutions. The suspensions were magnetically stirred for 30 min at room temperature,
and they were centrifuged at 4500 g at 4°C for 20 min to remove insoluble residues. 5 pL.
of protein solution was added into 250 pL of Bradford solution and incubated for 5 min.
The absorbance measurements of solutions were conducted at 595 nm. The protein
analysis of each sample was run with three replicates and results were expressed as g
soluble protein per g of protein extract (g/g) and also the percent solubility was calculated
as the percentage ratio of protein in the supernatant to that of the total protein in the initial
sample. The solubility profile was obtained by plotting the average protein solubility (%)

against pH values.
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5.4. Determination of Ferrous Iron Amount and Ferrous lron-
Chelating Ability (FIC) of Protein Extracts of Legumes

The ferrous iron amount was determined according to the method of Ward and
Legako (2017) with minor modifications. Beer’s Law describes the link between the
absorbance of the chromogen which is ferrozine reagent and mineral combination. In this
procedure, a standard curve is constructed with a stock iron solution to quantify the iron
mineral in protein extracts of legumes. Briefly, 100 puL of each protein extract sample
were mixed with 250 pL of 1mM ferrozine in a microplate. The solutions were well mixed
and allowed to stand for 10 min-incubation at room temperature. After incubation, the
absorbance was read at 562 nm with a microplate reader. Distilled water (100 pL) instead
of sample solution was used as a blank. Sample solutions were used as color blanks, if
necessary, which were used for error correction because of the unequal color of the
sample solutions. The iron analysis of each sample was conducted with three replicates
and results were expressed as pg/mL (Appendix B).

The ferrous iron-chelating ability of protein extracts of legumes was determined
according to the method of Wang et al. (2009) before and after the gastrointestinal
digestion with minor modifications. Briefly, 100 uL of each protein extract stock solution
(5 mg/mL) were mixed with 135 pL of distilled water and 5 uL of 2 mM FeSO4.7H20 in
a microplate. The reaction was initiated by the addition of 10 uL of 5 mM ferrozine. The
solutions were well mixed and allowed to stand for 10 min-incubation at room
temperature. After incubation, the absorbance was read at 562 nm with a microplate
reader. Distilled water (100 pL) instead of sample solution was used as a blank. Sample
solutions (250 pL) were used as color blanks, if necessary, which were used for error
correction because of the unequal color of the sample solutions. EDTA-Na2, FeCl,.4H.0,
FeS0..7H20 were used as reference standards. The formation of violet color indicated
weak chelating ability whereas the lack of any violet color development showed the
strong iron binding. All measurements were performed in triplicate. The ferrous ion-

chelating ability was calculated by using the following formula:

Ferrous ion-chelating ability (%) = [AO- (Al — A2)] / A0 x 100. (4.1)
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where A0 was the absorbance of the blank, Al was the absorbance of the treated sample
or standard and A2 was the original absorbance of the untreated sample.

5.5. Determination of Iron Solubility at Various pH Conditions

The iron salt, FeSO4.7H.0 was dispersed in water (1000 pg/mL), and the pH was
adjusted using 1 mol/L NaOH or HCI to 2.0, 3.0, 4.0, 5.0, 6.0, 7.0, or 8.0 to obtain the
solubility profile of iron. The dispersions were kept at room temperature (25 £ 2°C) with
stirring (100 rpm) for 30 min and centrifuged (4500 g, 20 min, 4°C). The centrifugation
force was the same as in the assessment of protein determination and bioaccessibility to
be able to compare the chemical and physiological solubility profiles of iron. The iron
content in the supernatants was determined by ferrozine assay as discussed previously in
Section 5.4.

5.6. Statistical Analysis

Data were statistically evaluated by one-way analysis of variance (ANOVA) using
the PRISM software, version 3.02 (Graph Pad Software, Inc., San Diego, CA, USA).
Significant differences between mean values of results were determined by Tukey’s
Multiple Comparison Test procedure at the 5% significance level. Design Expert Version
11 was used for the statistical experimental design for all the simulated gastrointestinal
digestion experiments with the response as soluble protein content (g soluble protein/g of
protein extract). The results were evaluated statistically significant for p values less than
0.05.

5.7. Results and Discussions

5.7.1. Functional Properties of Legume Proteins

57.1.1. TPrC, WSPC, and pH-dependant Solubility Profiles of

Lyophilized Legume Protein Extracts and Iron Salt
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On a dry weight basis, legume seeds contain approximately 17-30% protein with
varied concentrations of essential amino acids (Boye et al., 2010a). Although these
percentages may change based on the plant growing conditions, species, and maturity;
high molecular-weight storage proteins make up the majority of the protein present in
legume seeds. Globulins are the principal storage proteins in legume seeds, accounting
for 35-72% of total solubilized proteins among the four main classes of proteins found in
legumes. It has been reported in the study conducted by Ghumman et al. (2016), globulins
had superior digestibility compared to the other primary types of legume proteins. Protein
availability is measured by digestibility. Highly digestible proteins are preferable from a
nutritional standpoint because they supply more amino acids for absorption after
digestion than proteins that have low digestibility. Also, the method used in this study,
alkaline extraction followed by isoelectric precipitation, is the most prevalent way for
preparing protein isolates in the food industry, therefore protein isolates rich in the
globulin fraction would also be generated using this method (Kaur and Singh, 2007;
Barbana and Boye, 2013, Jarpa-Parra et al., 2014). So, the proteins discussed in this thesis
are mainly globulins.

Some functional properties of legume protein extracts are shown in Table 5.1. The
total protein contents of legumes varied between 0.60 and 0.86g/g. The TPrC of lentils
was found as the highest and the value was almost 1.4-fold higher than that of chickpea
and soybean extracts, 1.2-fold higher than that of pea extract. TPrC of chickpea and
soybean were lower than lentil, but similar with each other whereas pea extract was

slightly higher than that of lentil.

Table 5.1. Total protein content, water-soluble protein content, and ferrous ion-chelating

ability protein extracts of legumes

Protein Extract TPrC?2(g/g)® WSPC? (g/g)® FIC (at a concent. 1500 pg/rxn. mix)

Chickpea 0.60+0.02c 0.28+0.03b 55%
Lentil 0.86+0.02a 0.63+0.08a 69%
Pea 0.75+0.00b 0.37+0.01b 45%
Soybean 0.62+0.02c 0.29+0.04b 39%

aTPrC: Total protein content, WSPC: Water-soluble content
b Different letters in columns indicate statistically significant differences (p < 0.05).
*WSPC at pH 7.
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It has been reported that the protein content of lentils was generally approximately
twice fold higher than that in most cereals and similar to that in meat (Joshi et al., 2017).
Boye et al. (2010) previously showed that isoelectric precipitated (IEP) (at pH 4.5) lentil
proteins contain more protein than chickpea proteins. The protein contents found by these
authors for IEP protein extracts of red lentils and Kabuli chickpeas were 0.78 g/g and
0.64 g/g, respectively. It was shown in another study lentil protein of freeze, spray, or
vacuum-dried isolate samples varied from 0.90 to 0.92 g protein/g dry protein isolate
(Joshi et al., 2011). According to Barbana et al. (2011) and Barbana and Boye (2013), the
protein content of the concentrates of red lentils was found as 0.78 g/g. Very similar
results were reported by Toews and Wang (2013) for the crude protein concentrates from
lentil, pea, and chickpea. In this study, lentils had the highest amount of total protein as
0.88 — 0.91 g/g, followed by pea, and it was found that the lowest amount belonged to
chickpea as 0.65 — 0.74 g/g. In another study conducted by Aydemir and Yemenicioglu
(2013), the protein contents of Turkish Kabuli-type chickpea extracts, red lentil cultivars
extracts, and soy concentrate were determined as 0.73, 0.91, and 0.70 g/g. However,
processing factors such as dehulling and grinding before protein extraction, extraction
temperature and time used for extraction, centrifugation force and time, and so on can all
have an impact on protein purity and yield (Russin et al., 2007). As a result, it is difficult
to trace these variations in protein contents of legume seeds and differences in the process
conditions could explain the changes in the reported results. Nevertheless, our results
were in good agreement with previous studies on legume proteins in which protein
isolates produced by alkaline extraction and isoelectric precipitation.

The WSPCs of legumes varied between 28 and 63g/100g. Chickpea, pea, and
soybean did not show statistically significant differences, but WSPC of lentils had
remarkable significance and the highest solubility value at neutral pH (pH 7.0) (p<0.05).
The WSPC of lentils was almost 2-fold higher than the average WSPC of other legumes.
(Table 5.1).

The ability to understand the functional properties of protein isolates or extracts
is critical for their potential usage in food applications. Solubility is one of the most
important functional properties of proteins because it determines the concentration of
protein in a solution that is in equilibrium with protein-protein and protein-solvent
interactions and most of the other functional properties depend upon it (Damodaran,
1997; McClements, 2002). Specifically, nonheme protein requires to be soluble in order

to be absorbed in the intestine (Cilla et al., 2008). In the same manner, iron requires to be
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soluble and stable in its ferrous form to be bioavailable for cells which is represented by
solubility, namely bioaccessibility. Thus, the individual solubility profile of legume
protein extracts was shown (Figure 5.1) and together with iron salt in free form were
determined as a function of pH (Figure 5.2) For all protein extracts, a characteristic U-
shaped solubility curve was obtained at pH conditions ranging from pH 2.0 to pH 8.0. For
most of the extracts, the solubility was very low at pH 4.0, 4.5, and 5.0 ranging from 1%
to 9%. This was an expected result because when pH was near the isoelectric point, the
net charge on protein chains decreased, protein-protein interaction was at the maximum
level (Aydemir and Yemenicioglu, 2013). The trend observed in the pea extract was
slightly different from the other legume extracts. The pea extract showed higher solubility
(40%) at pH 4.0, and lower solubility (1%) at pH 6.0. The solubility profiles (%) for
chickpea and soybean were very similar. The trend observed for the chickpea extract was
also in good agreement with the trend observed in the study conducted by Kaur and Singh
(2007) and Ghribi et al. (2015). Studies conducted by other scientists have observed the
solubility of protein isolates from different legumes to be lowest at pH 4-6 and highest
between 8-9 (Boye et al., 2010b; Joshi et al, 2017).
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Figure 5.1. Solubility profile of (a) lentil, (b) chickpea, (c) soybean, and (d) pea as g/g
protein extract.
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Figure 5.1 (cont.)

Both protein and iron salt showed high solubility at pH 2.0, which mimics the
condition of the gastric phase of digestion (Figure 5.2). The solubility of protein was also
high at the pH values ranging between pH 7-8 which mimics the condition of the intestinal
phase of digestion, indicating the increasing solubility on either side of the isoelectric
point. However, although the iron showed higher solubility at pH 2-5, its solubility
decreased dramatically at pH values ranging between pH 3-6. In the ranges between pH

6.0 and pH 8.0 it was observed that iron was insoluble. Thus, it is clear that the acidic
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pHs between 2.0 and 3.0 are highly critical since both protein and iron exist in soluble
forms within this range. In contrast, at neutral and close to neutral pHs, protein is highly
soluble while iron exists in an insoluble form. Furthermore, at pH 7.0 protein amino acids
tend to oxidize their ionizable electron-donating groups (Gonzalez-Montoya et al., 2018),
and this might enhance the iron binding capacity of amino acids. This could increase iron

solubility at neutral pH.
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Figure 5.2. Solubility profiles of protein extracts of legumes and iron under different pH

conditions

The protein functionality is mostly determined by its solubility, which is strongly
influenced by pH (Pelegrine and Gasparetto, 2005). The iron salt also showed a pH-
dependant solubility profile that should be known to understand its behavior in different
food matrices and under different physiological conditions during gastrointestinal
digestion. The iron requires to be soluble and stable in its ferrous form to remain its
bioavailability for intestinal absorption (O’Louglin etal., 2015, Li et al., 2017). Changing
the pH of the compound can influence its solubility and structural stability, which can
impact iron bioaccessibility and bioavailability, respectively. The chelating agents have a

protective role at this point. The protein surrounds the iron and removes the water, thereby
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decreasing the formation of ferric hydroxides and increasing the solubility and
bioavailability of iron. These experiments were conducted to mimic pH changes during
digestion and were used to test the stability of the protein and iron compound across a
wide range of physiological pH conditions along the gastrointestinal tract. Metal ions
have a higher solubility at acidic pHs (3—5), which makes them easier to absorb into the
intestine (Eckert et al., 2014). The iron solution was cloudy and the color of the solution
was darker at pH 6-8 which also indicated the insolubility. The iron salt was insoluble at
the point that the protein was soluble (at pH 7-8) suggested that chelation of iron with
protein could minimize the effects of pH on iron bioaccessibility, so the bioavailability.
The increase in solubility generally indicates the higher chelating level of minerals by
soluble peptides (Eckert et al., 2014). Recently Eckert et al. (2014) revealed that barley
protein hydrolysates and their purified fractions can remarkably increase the solubility of
different metal ions. Also, Zhu et al. (2009) showed that chelated forms of iron sources
(SFP and NaFeEDTA) were less affected by the change of pH than iron in FeSOa.

5.7.1.2. Studies on the Determination of Fe?* Chelating Capacity of
Lyophilized Crude Protein Extracts

The ability of protein extracts to chelate iron minerals was tested by ferrozine
assay which is the most commonly used colorimetric method for the determination of
Fe2* chelating capacity. In this method, ferrozine forms a colored complex with ferrous
ion (Fe?*-ferrozine) which can be measured spectrophotometrically at 562 nm. Ferrozine
can only form a complex with free ferrous ions. Since no reaction occurs between Fe®*
and ferrozine the iron chelating capacity is specifically defined as the chelating capacity
of Fe?*. When a Fe?* chelating agent is present in the environment the intensity of color
decreases. Within this context, the iron chelating capacity for a peptide can be expressed
as the decrease in the Fe?*-ferrozine level generated compared to a control. Different
studies on the chelating capacity of proteins have used EDTA as the standard. Based on
this, Na-EDTA was used as a positive control in the present study.

Firstly, in order to generate a standard curve, different concentrations of Na-
EDTA were prepared at two different pH conditions mimicking the gastrointestinal
environment during digestion: acidic pH (pH 2.0) and physiological pH (pH 7.0), and the
chelating capacities of Na-EDTA were calculated (Figure 5.3). By examining the plots
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obtained as a result of the experiments indicated that at pH 7.0 the plot showed good
linearity with increasing the iron chelator concentration (R?=0,9721). On the other hand,
the pH 2.0-adjusted experiment did not work very well as the experiment in the
environment at pH 7. Absorbance decrease did not show exact dose-dependent linearity
in the range of 0 — 50 pg Na-EDTA/reaction mixture. A linear standard curve could not
be plotted properly, which means iron chelation did not occur in an efficient way as it
was at physiological pH (R?=0.8286) (Figure 5.3a).

a) pH 2

80
370 .
LL
G 60
>
‘s 50
©
g a0
8 y = 0.956x
2 3 . R2=0.8286
=
s
o 20
ey
o
10 . ]

a
0
0 10 20 30 40 50 60

microgram Na,-EDTA/reaction mixture

b) pH 7

100
% 90
P -
o 80
o
> 70
=
[&] 60 -
S y =1.9408x
S 50 . R2=0.9894
g’ 40
L | |
< 30
[<b]
S 20
S 10 .

0
0 5 10 15 20 25 30 35 40 45 50

microgram Na,-EDTA/reaction mixture

Figure 5.3. Na2-EDTA standard curve study for determination of iron chelating capacity.
(a) at acidic pH (pH 2.0), (b) at physiological pH (pH 7.0)
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For further evaluation, lyophilized lentil protein extract was chosen due to its high
total and soluble protein content compared to other legume extracts for initial studies in
order to test the efficiency of Fe?* chelating capacity assay at different pH values. At first,
different concentrations of lentil protein extract were prepared and Fe?*chelating capacity

was checked at the physiological pH (pH 7). (Figure 5.4).
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Figure 5.4. Iron chelating capacity study for lentil protein extract at physiological pH (pH
7.0).

The results indicated that the Fe?*chelating capacity assay for the lentil protein
extract at physiological pH worked well, in good agreement with the results obtained for
the Na-EDTA Fe?* chelating capacity at the same pH.

The reason for the pH 2.0-adjusted experiments did not work properly as in the
experiments of physiological pH was probably the alterations in the pH. The pH of the
solution may have affected the results in two ways: (i) it may increase the rate of Fe?*
autooxidation and/or (ii) the ferrozine used in this assay may be unstable at high acidic
conditions. It has been reported that even a small variation in pH would be a large effect
on the rate of Fe?* autooxidation (Welch et al., 2002). And also, it has been declined by
Stookey (1970) the absorbance of the iron-ferrozine complex remains stable in the pH
range from 4.0 to 9.0 while the linearity and magnitude of color development are altered
at acidic conditions especially less than pH 4.0. The final pH of the reaction mixture
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would be another explanation for the unsatisfactory results at the acidic environment.
When final pH values were checked at the end of the assay, it was seen that the values
were not the same as the initial values for pH 2.0 experiments. In order to keep pH stable,
one set of experiments was conducted with the buffer solutions using acetate and
phosphate buffers. However, it was observed no color and the lowest absorbance values
for blanks against the samples prepared with phosphate buffer. Although phosphate buffer
is widely used in biological experimental systems and food applications it was revealed
that phosphate ions have the ability to bond iron ions significantly (Yoshimura et al.,
1992). Moreover, it was demonstrated that the rate of Fe?* autoxidation was significantly
affected by the buffer used in the experiments. Considering the concept of this thesis and
the data obtained from these experiments, it was decided for further experiments to
evaluate the iron amount of the samples at the beginning and at the end of the digestion
without using any buffers, since the peptide-iron complexes that would be formed at the
end of the in vitro digestion were important for biofunctionality.

Numerous studies documented in the literature suggest that the use of ferrous

chloride solution (FeCly) as the iron source for ferrozine assay. However, to the best of
our knowledge, there is no food application study with FeCl. in the literature. So, it was
investigated that if an iron compound commonly used for iron fortification instead of
chloride is put in this protocol the experiment will work or not by changing the chloride
with ferrous sulfate heptahydrate (FeSO4.7H,0) (Figure 5.5).
The results indicated that the Fe?*chelating capacity assay for the determination of the
standard curve of iron source in the form of FeSO4 at physiological pH worked well, in
good agreement with the results obtained for the Na-EDTA Fe?* chelating capacity at the
same pH for FeCl as an iron source.

Once using FeSOg as the iron source was proven to be effective in the construction
of standard curves, ferrous ion-chelating abilities of all crude protein extracts were
assessed. However, FIC was also evaluated by using FeCl, solution besides FeSOa
solution to obtain comparable results (Figure 5.6). According to the data, soybean showed
the highest FIC ability followed by lentil, pea, and chickpea, respectively (at the
concentration of 3000 pg protein per reaction mixture). The results were in good
agreement with both iron solutions used.

Considering the data obtained from both iron sources, it was decided to continue
to the assay with FeSO4.7H.O which was more convenient as fortificants in food

applications. Therefore, FIC was evaluated by using FeSOa solution by narrowing the

60



concentration range of protein extracts (Figure 5.7). Examining the plots, lentil protein
extract had the highest ferrous ion-chelating ability (FIC) at a concentration of 1500
pg/reaction mixture compared to other legumes. Approximately 73% of extracted lentil
protein was soluble at the physiological pH (Figure 5.2) and it had a high chelating ability.
These results were also in accordance with the literature. In a study by Aydemir and
Yemenicioglu (2013), the average FIC of lentil extracts was found to be 7 to 18 times
greater binding capacity than that of soy proteins. In another research, it was observed
that lentil protein extracts had a higher average FIC than that of chickpea extracts (Arcan
and Yemenicioglu, 2007).

These findings demonstrated that lentil proteins were more functional than the
remaining chickpea, pea, and soybean proteins in terms of total protein and water-soluble
protein contents, and ferrous ion-chelating ability.

Most research to develop iron chelating peptides have focused on peptides derived from
plant proteins currently. Different studies have shown the beneficial effects on iron
absorption of peptides produced by enzymatic hydrolysis of legume proteins, such as
soybean, lentil, chickpea, black pea (Arcan and Yemenicioglu, 2010, Torres-Fuentes et
al., 2012, Jamdar et al, 2017). Also, it was revealed that barley protein hydrolysates and
their purified fractions increased the solubility of different metal ions at or near
physiological pH (Eckert et al., 2014). As the pH increases to neutral or alkaline,
considerably less soluble hydroxide is formed. Under the experimental conditions used
for these experiments, especially above pH 5.5, the iron would probably be precipitated
(Sugiarto et al., 2009). Moreover, ferrous sulfate salt is reported to be more stable in acidic

environments (Spiro and Saltman, 1974).

5.8. Conclusion

From the experiments in this chapter, it was seen that:

() The total protein contents of lentil, pea, chickpea, and soybean were 0.86, 0.75,
0.60, and 0.62 g/g, respectively.
(it) For all the protein extracts, a characteristic U-shaped solubility curve was

obtained. In general, the highest solubility was observed at pH 2.0 and the pH ranging
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legumes.

between 7-8, indicating the increasing solubility on either side of the isoelectric point.

(iii) Lentil extract had the highest solubility at physiological pH (pH 7.0), whereas
the water-soluble contents of chickpea, pea, and soybean did not show statistically
significant differences (P > 0.05).

(iv) The results of Fe?* chelating capacity indicated that the ferrozine assay for the
lentil protein extract at physiological pH worked well, in good agreement with the results
obtained with Fe?* chelating capacity of the standard at the same pH.

(v) Ferrozine used in this assay was unstable at high acidic conditions, especially
in pH values less than 4.

(vi) It was observed that phosphate was a good iron chelator, so phosphate buffer
was not suitable for the experiments related to the iron binding capacity determination.

(vii) For different pH environments, ferrous sulfate as an iron source in place of
ferrous chloride seemed to be suitable with this way of use considering the aim of the
thesis.

(viii) Ferrous ion-chelating (FIC) abilities of all crude protein extracts were
assessed with the use of ferrous chloride and ferrous sulfate solution as an iron source.

For both iron solutions used, lentils showed the highest FIC ability followed by soybean
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pea, and chickpea, respectively (at the concentration of 1500 g protein per reaction
mixture).

At the very beginning of the experiments, it was thought that a high free iron
amount would lead to high iron bioavailability. In fact, according to recent studies
chelation with protein, peptides, or amino acids increase metal solubility and so metal
bioavailability. So, considering this information, our research focus has shifted from free
dialyzable iron amount determination to the determination of protein-iron or peptide-iron
complexes. Within this context, iron bioaccessibility was assumed to be iron solubility

after in vitro gastrointestinal digestion.
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CHAPTER 6

FORMATION OF PROTEIN-IRON COMPLEXES AND
SIMULATED GASTROINTESTINAL DIGESTION

Many iron sources such as ferrous sulfate and ferrous carbonate can be used as
food fortificants. However, they have low bioavailability. This may be because of several
reasons. Mineral solubility is reduced by the mild alkaline environment of the intestine.
Low solubility indicates a low rate of absorption and bioavailability (Eckert et al., 2016).
Furthermore, iron bioavailability is limited at physiological pH in the presence of peptic
digestion because ferrous ions (Fe?") are rapidly oxidized to the insoluble ferric (Fe®*)
form, which must be first reduced by the enzyme before being absorbed by enteric cells
((Torres-Fuentes et al., 2011, Caetano-Silva et al., 2015 and Caetano-Silva et al., 2018).
As a result, substances that keep iron soluble and stable in the gastrointestinal tract by
keeping it in the ferrous form boost iron bioavailability.

Peptides derived from food protein extracts or hydrolysates have recently attracted
interest as novel metal chelators. When compared to inorganic salts alone, the chelated
minerals are less prone to chemical interactions with the environment and are more stable
(Caetano-Silva et al., 2018), with a comparable or increased effect compared to inorganic
salts alone (Eckert et al., 2016). Amino acids and some other organic acids also help to
improve iron absorption by balancing the pH of the intestinal contents. (Torres-Fuentes
et al., 2012). The idea of using iron-protein or iron-peptide complexes could be an
alternative strategy to overcome the problems related to iron fortification.

Gastrointestinal digestion has a significant impact on the biological activity of
food-derived peptides, allowing the synthesis of new active fragments with improved
function or, on the other hand, resulting in fragments with reduced or no activity.
(Gonzales-Montoya et al., 2018). These bioactive peptides can also be yielded by
previous in vitro protein hydrolysis (Torres-Fuentes et al., 2011). Following digestion,

nutrients are absorbed from the highly polarized layer of enterocyte cells of the intestinal
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epithelium, which also functions as a barrier to hinder the absorption of higher molecular
weight substances (>300 Da) such as dietary proteins. Digestive enzymes convert proteins
into smaller peptides and individual amino acids, which enter the systemic circulation via
transcellular or paracellular channels, limiting the absorption of complete food proteins
(Markell et al., 2017). Hence, legume peptide-iron complexes might be used as dietary
supplements to increase mineral solubility and bioavailability. Furthermore, because
these peptides have strong antioxidant properties, they might help to reduce iron oxidation
in the gastrointestinal tract and/or in food storage.

The objective of this chapter was the formation of protein-iron complexes from
protein extracts of legumes and to determine the optimum conditions for gastrointestinal
digestion that would serve as key data before bioavailability experiments in the cell

culture.

6.1. Formation of Protein-lron Complexes

The protein extracts of all legumes were dispersed in deionized water, and the pH
was adjusted to 7.0 using 0.1 mol/L NaOH. The dispersions were kept at room
temperature and stirred (100 rpm) for 30 min with a magnetic stirrer. FeSO4.7H,0 as the
iron source was then added into the protein solutions to reach the protein:iron ratios of
10:1 (10mg:1mg in 1mL), 20:1 (20 mg:1mg in 1mL), 40:1 (40mg:1mg in 1mL), or 60:1
(60mg:1mg in 1mL). In other words, the initial iron content was fixed as 1000 pg/mL and
then the concentrations of proteins were adjusted according to the amount of iron. The
soluble protein content and iron content of the solutions were then monitored and
determined according to the Bradford assay and ferrozine assay described previously in
Chapter 4, Section 4.4 by taking samples at 30-min intervals for 2h (Figure 6.1).

6.2. Determination of Simulated Gastrointestinal Digestion Assay for

Protein Extracts

Three different in vitro digestion assays mostly used in the literature for legume
proteins were applied to the samples to achieve high digestion efficiency. All three
methods consisted of two steps to mimic the digestive process in the stomach (gastric

digestion) and small intestine (intestinal digestion). All experiments were carried out in
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50 mL falcon tubes each containing glass balls in a 100-rpm shaking incubator. For each

assay, water was also digested in place of protein extract as a blank sample.

Protein Extracts of Legumes
(at different concentrations, pH 7, stirring for 30 min)

Addition of Iron salt
(FeSO,.7H,0 , 1000 pg/mL, stirring and sampling for 30, 60, 90, and 120 min)

Centrifugation
(at 4500 g, 20 min., 4°C)

Analyse for the soluble protein and iron amounts

Protein:iron ratio (w/w) 51 10:1 20:1 40:1 60:1
Iron (pug/mL) 1000 1000 1000 1000 1000
Protein (mg/mL) 5 10 20 40 60

Figure 6.1. Diagram of the protein-iron complexation study.

Lentil protein extract was chosen as a model legume sample for the experiments
due to its high content of total and soluble protein. As a first method, the extracts were
digested according to the assay described in Gonzéles-Montoya et al. (2018) referred to
in the text as Method 1 (M1). Briefly, protein extract (5% w/v) was dissolved in deionized
water and then the pH was adjusted to pH 2.0 using 1 N HCI. Pepsin (4% w/w, protein
basis) was added. The solution was incubated at 37°C for 1 h with a stirring speed of 100
rpm. After 1-hour incubation, the pH of the solution was adjusted to pH 7.5 using 1 N
NaOH and then pancreatin (4% w/w, protein basis) was added. The solution was
incubated again at 37°C for 2 h with the same speed of stirring. Digestion was stopped by

boiling the samples in a water bath at 100°C for 10 min. The digest was obtained by
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centrifugation at 10000 g for 10 min at 4°C. The supernatant was collected and stored at
-20°C until further analysis.

The second digestion assay (Method 2 - M2) was applied with minor
modifications according to the method given in Eckert et al. (2006). 0.2 g pepsin/10 mL
of protein extract (5% wi/v) was prepared, and the solution was adjusted to pH 2.0 using
5.0 mol/L HCI. For the intestinal digestion, 0.05 g of pancreatin and 0.3 g of bile salts
were dissolved in 25 mL of 0.1 mol/L NaHCOs. 2.5 mL of pancreatin-bile salt solution
was added per 10 mL of the sample after 1-hour peptic incubation and pH adjustment to
6.0 by dropwise addition of 1 mol/L NaHCOs. Then pH was adjusted to pH 7.0 using 5.0
mol/L NaOH and the total volume was adjusted to 15 mL with 120 mmol/L NaCl and 5
mmol/L KCI. After 2-hour intestinal incubation, the digests were boiled at 100°C for 4
min in a water bath to stop the enzymatic activity and then cooled in an ice bath. The
supernatant was obtained by centrifugation at 10000 g for 25 min at 4°C and then stored
at -20°C until further analysis.

The digestion assay (Method 3- M3) described in Oliviera et al. (2018) was
applied to protein extracts as the third and final method. Initially, digestion fluids were
prepared. 0.2 g of NaCl and 0.32 g of pepsin were dissolved in water; 7 mL of HCI 10%
(v/v) was added and this solution was diluted to 100 mL with deionized water for gastric
fluid. The pH was adjusted to pH 1.5. NaHCO3z 3% (w/v) was prepared to use for pH
adjustment. For the intestinal fluid 0.680 g of KoHPO4, 1.25 g bile salts, and 1.0 g
pancreatin were dissolved in deionized water. 7.7 mL of 0.2 mol/L NaOH was added to
this solution and then diluted to 100 mL. The final pH was adjusted to pH 6.8. For in vitro
gastrointestinal digestion, 3.0 mL gastric fluid (pH 1.5) was added to 50 mg lyophilized
lentil protein extract. The mixture was incubated at 37°C for 2 h. To adjust the pH to 6.8,
0.4 mL of NaHCOz 3% (w/v) was added. After the addition of 3.0 mL of intestinal fluid,
the extract solution was incubated using the same conditions given in the gastric digestion
step. The samples were placed into an ice bath to stop the enzyme activity, and finally,
the digests were centrifuged at 10000 g for 10 min at 4°C. The supernatant was collected

and stored at -20°C until further analysis.

69



6.2.1. Optimization of Simulated Gastrointestinal Digestion Assay

A Box-Behnken design was generated and conducted with three factors; which
were pepsin concentration (Xi) and pancreatin concentration (X2) ranging for each
sample between (4-10% wi/w protein basis) and duration of gastric digestion (X3) ranging
between 1 or 2 h. The response was determined as the soluble protein content of samples
which was expressed as g soluble protein per g of protein extract (mg/g). A total of 17
experiments was conducted with 5 center points for optimization experiments.

Based on the results of the optimization study, digestion experiments continued
according to the assay described in Gonzéles-Montoya et al. (2018) with minor
modifications. Briefly, the pH of the protein-iron complexes that formed at the specified
concentrations with the given procedure described in Section 5.1 was maintained at pH
2.0 using 1 N HCI and then digested with pepsin (8% wi/w, protein basis) at 37°C for 2 h.
After 2-hour incubation, the pH of the solution was adjusted to pH 7.5 using 1 N NaOH
and further digested with pancreatin (4% w/w, protein basis) at 37°C for 2 h. Digestion
was stopped in an ice bath at for 10 min. The digest was centrifuged at 4500 g for 20 min
at 4°C and then the supernatants were collected. Their free ferrous iron content and

soluble protein content were analyzed immediately for further cell experiments.

6.3. Enzymatic Hydrolysis Assay for Protein Extracts of Legumes

The protein extracts of legumes (5% protein solution; w/v) were hydrolysed by
the pancreatin (8% w/w, protein basis) at pH 7.5 and 37°C for 8 hours, sampling at every
hour. The resultant solution was cooled in an ice bath for 10 min to inactive the
pancreatin. The supernatant was collected by centrifugation at 4500 g for 20 min at 4 °C

and analysed for their soluble protein content and iron content.

6.4. Statistical Analysis

Data were statistically evaluated by one-way analysis of variance (ANOVA) using
the PRISM software, version 3.02 (Graph Pad Software, Inc., San Diego, CA, USA).
Significant differences between means were determined by Tukey’s Multiple

Comparison Test procedure at the 5% significance level. Design Expert Version 11 was
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used for the statistical experimental design for all the simulated gastrointestinal digestion
experiments with the response as soluble protein content (g soluble protein/g of protein

extract). The results were considered statistically significant for p values less than 0.05.

Protein-iron complexes
Pr:iron ratio (5:1, 10:1, 20:1, 40:1, 60:1 (w/w)

}

r

Gastric Digestion ’ > [ Intestinal Digestion ]
pH 2 pH 7.5
Pepsin Addition Pancreatin Addition
(8% (wiw)) (4% (wiw))
37°C, 2h l 37°C, 2h

l Cooling in an ice bath for 10 min ]

Centrifugation at 4500 g for 20 min at 4°C

Collect supernatant

Analyse for the soluble protein and iron amounts

Figure 6.2. Flow diagram of the optimized and validated in vitro digestion conditions of the

legume derived protein-iron complexes.
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6.5. Results and Discussions

6.5.1. Protein and Iron Binding Profiles of Complexes at Physiological
pH

The protein extracts of legumes were dispersed in deionized water, and kept at

room temperature with stirring (100 rpm) for 30 min. The FeSO4.7H20 were then added
into the protein solutions to reach the specified concentrations. The iron binding profiles
of legume proteins were obtained by monitoring the soluble protein contents and iron
contents of the solutions at physiological pH (pH 7.0) during 2h incubation period at half-
hour intervals (Figure 6.3).
The protein-iron complexes were formed at pH 7.0 because it was stated that partial
deprotonation of the ionizable electron-donating groups on amino acid side chains favor
coordinated iron binding (Caetano-Silva et al., 2015). The formation of complexes was
completed according to the procedure given in Section 5.1 with different protein:iron
ratios (w/w) including 5:1, 10:1, 20:1, 40:1, and 60:1. The protein amount in the
complexes was gradually increased while the amount of iron was kept constant to be able
to understand the effect of the protein content on iron chelation. After 30 min-interaction,
protein solubility was decreased significantly in the complexes prepared at protein:iron
ratios of 5:1, 10:1 and, 20:1 while the complexes prepared at protein:iron ratios of 40:1
and 60:1 maintained their high soluble protein content during 2h incubation period for all
legume extracts (Figure 6.3A). The sharp decrease in solubility for the complexes that
contained low protein:iron ratios might be explained by the reduced protein solubility or
reduced detectability by the Bradford reagent due to protein aggregation mediated by
extensive intermolecular binding of iron among protein molecules. Similarly, the
intramolecular binding of iron molecules to reactive amino acid side chains of individual
protein molecules could also reduce detectability by the Bradford reagent. Therefore, the
Lowry assay was used as an alternative method to confirm Bradford assay data to be able
to understand if the decrease in solubility derived from the method used or not. Very
similar results were observed (data not shown) supporting previous results.

As a reverse approach, free iron levels were measured in the samples of protein—

iron complexes, and iron profiles during the formation of complexes could also be seen
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in Figure 6.3B. As can be seen from the figure above, the 30-min incubation period for
lentil protein-iron complexes caused chelation of a minimum of 98% of the total free iron
(from 1000 pg/mL to 20 pg/mL) at all ratios. A residual free iron (1.8 to 2%) was
maintained in the samples that contained protein-iron complexes at protein:iron ratios of
10:1 and 20:1 during 2h incubation period. However, iron binding and chelation occurred
very extensively in the samples of protein-iron complexes at protein:iron ratios of 40:1
and 60:1, thus, free soluble iron content in these solutions was reduced to undetectable
levels after 90 min of interaction. In contrast to lentils, the situation was different for
chickpea protein extracts. It was observed that the incubation of protein-iron complexes
for 30-min caused chelation of only 20% of the total free iron at a ratio of 5:1 and, at the
end of the 2h-period, this chelation ratio remained almost the same as in the first 30 min-
incubation. For higher ratios of complexes (40:1 and 60:1), iron binding and chelation
occurred very extensively approximately 94% of chelation after 30-min interaction.
However, it was observed some instability problems when incubation continued. The free
soluble iron content was almost 13 times higher at the 120-min time point compared to
the amount at a ratio of 60:1 for 30-min interaction and the same instability problem
occurred at the complexes with higher ratios of soybean. It was observed a slight
increment in the free iron amount at the end of the incubation. Finally, complexes that
contained pea protein showed a similar trend with complexes that contained lentil protein.
After 30-min interaction, the iron content remained almost the same as that of low
concentration complexes, whereas iron binding and chelation occurred very extensively
in the protein-iron complexes that had high concentrations of protein. These results
clearly showed that much of the iron binding by protein chelating groups was completed
within 30-min interaction at a wide protein:iron ratios range and iron binding capacity of
the protein was correlated with an increased amount of protein. Therefore, it was decided
to keep formation time as 30 min order to prevent iron oxidation and precipitation.

The overall binding profiles obtained from protein-iron complexes suggested that
in the complexes consisting of high protein amount might suffer instability if the
formation time kept longer. Also, it was seen that the protein-iron complexes with high
ratios were soluble at pH 7.0 while complexes with low protein:iron ratios might suffer
from solubility and aggregation formation. However, the chelating agents could provide
an advantage as a protective role by hiding the iron, and as a consequence, this might
increase the bioavailability of iron. The different solubility features of proteins (high

solubility) and iron (low solubility) at physiological pH could be used to increase the
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solubility of iron after the formation of protein-iron complexes. It was thought that the
degree of solubility and aggregation (the degree of polymerization) of a chelating agent
(protein)-iron complexes should play a significant role in iron bioavailability as
physiological pH conditions change along the gastrointestinal tract, in other words during
gastrointestinal digestion. Considering the data obtained from the solubility experiments,
it can be said that the iron salt was insoluble at the point that the protein was soluble (at
pH 6-8), suggesting that chelation of iron with protein could minimize the adverse effects
of pH on iron bioaccessibility and bioavailability. Eckert et al. (2014) revealed that barley
protein hydrolysates and their purified fractions provided higher solubility of different
metal ions unmistakably and concluded that higher solubility of metal ions at acidic pH

values (3-5) facilitated their bioaccessibility through higher absorption.

6.5.2. Simulated Gastrointestinal Digestion Assay for Protein Extracts

Three different simulated gastrointestinal digestion assays were applied to find
out the convenient method for the samples used for this thesis. For this purpose, lentil
protein was chosen as modal for digestion experiments due to its high content of total and
water-soluble protein, as stated previously. Digestion efficiency was determined based
on the increase of soluble protein content of lentil proteins and after digestion, their Fe?*
ion-chelating ability was evaluated. As seen in Figure 6.4a Method 2 (M2) used for
digestion gave the highest efficiency based on the soluble protein content, approximately
5-fold, and 6-fold, compared to other methods Method 1 (M1) and Method 3 (M3),
respectively. This may be due to differences in pepsin concentration and the presence of
bile salt in the intestinal phase. However, when Fe?* ion-chelating abilities were examined
by looking at the blanks after digestion it was observed that Method 2 caused peptides
with considerably high chelation ability (Figure 6.4b). This finding might be related to
the binding ability of gastrointestinal fluids, possibly there were strong interactions
between iron and the available functional groups on digestive fluids and enzymes
(Caetano-Silva et al.,2018). Moreover, it was shown that bile salt has a strong ferrous ion
chelating ability (O’Loughlin et al., 2015). Therefore, it can be concluded that it was not
appropriate to use bile salt in the experiments due to the results in falsely increased iron
chelation. For further experiments, it was decided to continue with the M1 method with

its lack of interference with iron ions.
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In the digestion protocols applied, the methods other than the third one (M3) ended
up boiling. Since the main purpose of the studies in this thesis is to form edible protein -
iron complexes and to model the human digestive system, boiling would not be suitable
for the main purpose. Hence, in the first method which was the most suitable method for
the samples considering the main purpose of the thesis, digestive enzyme inactivation
was supplied via ice bath in the place of boiling (Figure 6.5). This additional experimental
set was allowed us to make comparisons about the effects of digestion termination on
protein-iron complexes for further experiments.

As can be seen from the figure, a statistical difference was found between boiling
and cooling in an ice bath for stopping the enzyme activation. The boiling step at the end
of the digestion caused a decrease in the soluble protein content of the legume compared
to cooling with ice suggesting that a possible decrease in the binding sites for iron. As
mentioned previously, boiling was a method that did already not fit the main purpose of
the thesis, even if it did, it still would not be suitable since it had a negative effect on
soluble protein content, quite likely due to the denaturation of proteins. In consequence,
it was decided to stop the enzyme activity by cooling in an ice bath for digestion

experiments.

6.5.2.1. Optimization of Simulated Gastrointestinal Digestion

Optimization of simulated gastrointestinal digestion was performed according to
the Box-Behnken experimental design given with details in Section 6.3. According to the
literature, concentration of digestion enzymes and duration of gastric phase were chosen
as important factors for effective digestion. The actual levels of these variables and the
response variable were tabulated in Table 5.1. Based on the results, the maximum soluble
protein amount (92.4 mg/g) was obtained at 7% and 4% of pepsin and pancreatin
concentration, respectively with 2-hour gastric digestion.
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Figure 6.5. Effect of termination method on the soluble protein content of samples for in

vitro gastrointestinal experiments.

The optimization results were discussed below according to the results of the
ANOVA presented in Table 6.2. Since there were some insignificant terms, the full model
was reduced by eliminating these terms and re-evaluated.

The p-value of the model was 0.0003 which indicated that the constructed model
was significant (p<0.01) and P-values less than 0.05 indicated model terms were
significant although the results obtained from the experiments seemed close to each other,
they were significantly different statistically. In this case, X3, X1X2, X1X3, X12, X22, X32,
X12X2, X12X3, namely duration of gastric digestion and the interactions between enzyme
concentrations and between pepsin concentration and duration were significant model
terms. According to p-values, although concentrations of pepsin (X1) and pancreatin (X>)
were not significant factors whereas some of their interactions were significant, they
remained in the model because of the hierarchy principle. The Lack of Fit F-value of 0.76
implies the Lack of Fit is not significant relative to the pure error. Non-significant lack of
fit is good because it is desired for the model to fit. The Predicted R? of 0.7196 is not as
close to the Adjusted R? of 0.9448 as one might normally expect. Adeq Precision
measures the signal to noise ratio. A ratio greater than equation that expressed the degree

of hydrolysis given as soluble protein in terms of coded factors was as following.
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Table 6.1. Box-Behnken design used in the optimization of gastrointestinal digestion
assay with respect to the degree of hydrolysis (DH) expressed as soluble protein amount

(mg soluble protein per g of protein extract).

Actual level of variables Response variable
Run no Pepsin Pancreatin Duration of gastric Soluble protein
Concent. (%) Concent. (%) digestion (h) amount (mg/g)
1 7 4 1 68.7
2 7 7 15 71.2
3 10 10 1.5 77.0
4 10 7 1 74.8
5 7 10 1 67.1
6 4 7 2 82.7
7 7 7 15 735
8 10 7 2 88.5
9 4 10 1.5 85.6
10 7 10 2 87.9
11 7 4 2 92.4
12 10 4 1.5 78.8
13 7 7 1.5 73.9
14 4 7 1 82.1
15 7 7 15 70.0
16 4 4 1.5 76.8

17 7 7 15 70.1




Table 6.2. Analysis of variance (ANOVA) for reduced cubic model to determine

optimum conditions for simulated gastrointestinal digestion assay.

Source Sum of df Mean F value p-value
Squares Square
Model 921.8 10 92.13 28.40 0.0003 Significant
X1 8.20 1 8.20 2.53 0.1629
X2 9.30 1 9.30 2.87 0.1413
X3 495.6 1 495.6 152.63 < 0.0001
X12 28.09 1 28.09 8.66 0.0259
X13 42.90 1 42.90 13.23 0.0109
X42 1235 1 1235 38.06 0.0008
X2? 24.56 1 24.56 7.57 0.0332
X3? 100.6 1 100.6 31.04 0.0014
X12X2 21.45 1 21.45 6.61 0.0422
X1%2X3 114.0 1 114.0 35.15 0.0010
Residual 0.1946 6 3.24
Lack of Fit ~ 0.0535 2.68 0.7590 0.5255  not significant
Pure Error 0.1411 4 3.53
Cor Total 940.73 16
Std. Dev. 1.80 R-Squared 0.9793
Mean 77.71 Adj R-Squared 0.9448
CV.% 2.32 Pred R-Squared 0.7196

Adeq Precision 17.464

Degree of hydrolysis (expressed as g soluble protein/g protein) =y = + 71.72 —
1.01X; -1,53*X; + 11.13*X3 — 2.65*X1 X7 + 3.28*X1X3 + 5.41*X12 + 2.42* X% +
4.89*X3? +3.28*X12X;, — 7.55* X12X3

To optimize and fix the conditions, a variety of graphs were examined (Figure
6.6). It was observed that a high amount of pepsin (Figure 6.6a) and a low amount of
pancreatin (Figure 6.6b) with 2-hour incubation in the gastric phase (Figure 6.6c) led to

effective digestion. 3D response surface plots (Figure 5.6d and 5.6e) were also supported

this finding.

(5.1)
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To fix the digestion parameters, numerical optimization was applied with
maximizing the response (Figure 6.7). Ramps graphs (Figure 6.7b) presented a good
visual of the best factor settings with the greatest overall desirability of the predicted
response. Analyses and graphs predicted higher digestion efficiency with high desirability
if the conditions were set as 8% pepsin concentration, 4% pancreatin concentration with
2-h gastric incubation (Figure 6.7c). These parameters were experimentally validated and
different protein:iron were utilized in digestion regarding the validated protocol. This
information allowed us to figure out the optimal digestion conditions for protein-iron
complexes. The selection of digestion protocol was critical for in vitro cell culture
experiments to minimize the cofounding factors including minerals, bile acids, etc. It was
only intended to digest protein-iron complexes by pepsin and pancreatin, which is a very

common method for protein digestion.

6.5.3 Simulated in vitro Digestion Studies of Protein-iron Complexes

Effects of various digestive enzymes and strong pH fluctuations were the challenging
conditions of the gastrointestinal environment and protein-iron complexes must survive
from these challenges to exhibit a beneficial effect (Lafarga and Hayes, 2017). Solubility
and stability are the critical factors for mineral bioavailability. Protein-iron complexes
that will be formed should be stable in the gastrointestinal tract in order to maximize the
absorption through the intestines. Trace minerals are protected from the harsh
gastrointestinal environment and chemical reactions during digestion in favor of their
electrical neutrality which provides stability to chelates. Inorganic mineral compounds
are found typically in oxide or sulfide form and with the stomach’s low pH they are
released and ionized which means that reactivity with other products. because the
electrically charged forms of the minerals are able to react with other products generated
during digestion (CFNP TAP Review, 2002). According to the literature, it was stated
that the consecutive digestion system causes the formation of a greater variety of peptide
sequences with different bioactivities. They can act alone or synergistically. Because
using two digestive enzymes with different active sites during digestion means more cut-

off sites, so that increased exposure of amino and carboxyl-terminal aromatic amino acid
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residues meaning that more metal binding sites. (Polanco-Lugo et al., 2014, Sanchez-
Chino et al., 2018).

Protein and iron interactions occur through the binding sites of amino acids of
peptides. Then another question was how protein and iron complexes behaved during
digestion. The hydrolyzation of protein-iron complexes leads to the production of
peptide-iron complexes, which are the functional form of protein-iron complexes. In line
with this information, the stability of protein-iron complexes was evaluated under
simulated in vitro digestion conditions. These experiments were based on the following
points (Caetano et al., 2015): if the protein-iron interaction remains stable at gastric pH
(pH 2) and/or the activities of digestive enzymes induce the breaking of the complexes,
or if the iron released during digestion will precipitate when the pH is adjusted to
intestinal pH. Considering the opposite case, if the complexes remain stable against
gastric digestion conditions, whether the iron will remain soluble or not at the end of the
digestion at the intestinal pH (pH 7.0). Thus, free iron remained in the solution was
determined after simulating digestion to evaluate the stability of protein-iron complexes.

Initially, protein-iron complexes were formed. After that simulated in vitro
digestion studies were carried out with different protein:iron ratios (w/w): 5:1, 10:1, 20:1,
40:1, and 60:1, respectively (Figure 5.8) under optimized and validated digestion
conditions.

It was observed that free iron was not detected in the complexes that contained
protein:iron ratios of 10:1 to 60:1 at the end of the digestion for lentils (Figure 6.8A). For
these experiments, the 5:1 ratio was also included to be able to test whether all iron was
bound to protein in any ratio lower than 10:1. After digestion, unbound free iron was
observed in the sample at a ratio of 5:1 indicating that protein amount was critical for
chelation of iron. It was significantly important that the digest did not contain free iron in
terms of downstream cell experiments to distinguish the functionality, if there was, that
came from free, or peptide-bound iron. It was observed that protein:iron complexes at
ratios of 20:1, 40:1, and 60:1 did not also have free unbound iron minerals. However, the
10:1 ratio was selected for the cell culture experiments since it was the first ratio that iron
was not been detected in the solution after digestion. It was thought that minimizing the
hydrolyzed protein amount at the minimum level could provide a beneficial effect for the

functionality. In other words, digested protein-derived peptides might also affect cellular
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functions. Another critical point was that when protein extract was incubated with iron
(without digestion), it was observed that there was unbound residual free iron in the
solutions at all protein:iron ratios between 0-60 min time points (Figure 6.8B). However,
after pepsin and pancreatin digestion of protein-iron complexes obtained at ratios of 10:1
to 60:1, free unbound iron was not detected, indicating that digestion enhanced iron
binding capacity of digested protein in solutions, most likely by the production of
peptides. For chickpea, although the ratio of 40:1 did not contain free iron mineral in the
gastric phase, some amount was detected in the environment after intestinal digestion. So,
the ratio of 60:1 was chosen for cell experiments that contained no free iron. When
soybean was examined in terms of the free iron amount after digestion, it was observed
that the ratios from 20:1 to 60:1 were suitable for cell experiments. The lowest and highest
ratios (20:1 and 60:1) were chosen for the cell treatments to see if there would be an effect
on the functionality of having too much protein in the environment. For pea, the ratio of
40:1 and 60:1, as low and high concentrations for the same intend soybean, were chosen
for cell experiments that contained no free iron.

During the intestinal phase (pH 7.5), the soluble protein content of legumes
increased up to a point due to the moderate hydrolysis of proteins to peptides as expected
(Figure 6.8B). According to the literature, it was reported that the sequential hydrolysis
system results in the production of a wider range of peptide sequences with more cut-off
sites that might serve as functional metal-binding sites (Polanco-Lugo et al., 2014;
Sanchez-Chino et al., 2018). Miao et al. (2019) also showed that moderate hydrolysis is
of great importance for iron chelation of casein hydrolysates in terms of exposure of more
active sites for bivalent iron-binding.

The stability of protein-iron complexes formed after digestion at different
concentrations was also evaluated under simulated in vitro digestion conditions. First,
only protein extract was digested and at the end of the simulated in vitro digestion
experiments iron was added (Figure 6.9). It was observed that for all the ratios, free iron
remained in the solution after digestion. With this experiment, if there was any change in
their iron binding capacities after digestion wanted to be seen with the same amount of
initial iron load. However, free iron still remained in the solution after digestion it was

decided not to use for further cell studies.
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6.5.4. Enzymatic Hydrolysis Assay for Protein Extracts of Legumes

Protein extracts (5% protein solution; w/v) were hydrolyzed by the pancreatin
enzyme at pH 7.5 and 37°C for 8h with sampling every hour to determine the suitable
hydrolysis time in terms of the iron chelating ability of legumes. Due to the limited
solubility and moderate digestion of legume proteins, enzymatic hydrolysis could be
effective for changing appropriate physicochemical qualities that can aid intestinal
protein absorption without compromising functional quality. (Polanco-Lugo et al., 2014).
Iron chelating activities of legumes with regarding time were illustrated in Figure 6.10.
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Figure 6.10. Iron-chelating activities of the hydrolyzates of lentil, chickpea, soybean, and
pea proteins at different hydrolysis times. Bars with different lowercase
letters are significantly different (p <0.05). Results are shown as mean *

standard deviation.

The iron-chelating activities of hydrolysates obtained at different hydrolysis times
ranged from 47 to 63%, 42 to 55%, 70 to 94%, and 17 to 26% for lentil, chickpea,
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soybean, and pea, respectively at a concentration of 5 mg/mL. These results indicated that
the enzyme treatment was effective on the chelating activity. This may be mainly
attributed to the molecular weight of peptides, which may take an important role in
chelation (Miao et al., 2019). Eckert et al., (2014), showed in their research hydrolysis
was an effective method to generate metal binding peptides from barley protein. They
showed that highly exposed side chains and higher solubility of hydrolysates ensured
more functional binding sites which facilitate interactions and impart stability to the
metal-peptide complexes. However, they found no clear relationship between the
solubility enhancing effect and hydrolysis time of the peptides. According to the study
conducted by Lv et al. (2014), it was shown that the iron bioavailability of protein extract
with iron (being hydrolyzed with pancreatin for 4h) is significantly higher than that of
intact protein isolate with iron. Moreover, both hydrolysis and fractionation based on
molecular weight significantly improved metal ion solubility near neutral pH. In the
literature, it was stated that higher solubility of metal ions at acidic pHs (3-5) improves
their absorption at the duodenum and proximal jejunum where the mild acidic condition
as well as other factors, such as higher level of expression of transport proteins, facilitate
the absorption (Collins & Anderson, 2012). Peptides of high chelating capacity can

improve a mineral’s solubility at neutral pH in the small intestine (Eckert et al., 2014).

6.6. Conclusion

(i) Three different simulated gastrointestinal digestion assays were applied to
lyophilized legume protein extracts and the methods were compared to find out
convenient digestion method.

(i) Method 1 was chosen for further optimization studies considering the
digestion efficiency and its lack of interference with iron ions.

(iii) Optimization of simulated gastrointestinal digestion was performed
according to the Box-Behnken experimental design. Maximum soluble protein (92.4
mg/g) was obtained at 7% and 4% of pepsin and pancreatin concentration, respectively
with 2-hour gastric digestion.

(iv) To fix the digestion parameters, numerical optimization was applied. 8%
(w/w) for pepsin concentration, 4% (w/w) for pancreatin concentration with 2-h for
gastric incubation were fixed as optimal conditions for higher digestion efficiency.
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(v) Iron binding profiles of legumes were generated with different ratios during
the complexation period. The iron amount was constant at the ratios, whereas protein
amount was increased gradually to understand the effect of protein amount on iron
chelation. As protein amount increased iron amount decreased, indicating the chelation.
However, after 30-min interaction, no major changes were observed in the iron amount
considering all the legumes. The overall binding results suggested that most of the iron
binding was completed within 30 min. Complexes might suffer instability or iron
oxidation if the formation time is kept longer. Therefore 30 min was fixed as formation
time.

(vi) After protein-iron complexes were formed, simulated in vitro digestion
studies were carried out with different protein:iron ratios (w/w) as 5:1, 10:1, 20:1, 40:1,
and 60:1, respectively under optimized and validated digestion conditions.

(vii) It was significantly important that digest did not contain free iron after
digestion to be able to make sure that functionality if it was, comes from the complex, not
from the free form. So, for chickpea, the ratio of 60:1 was selected for further cell
experiments. Because this was the ratio that contained no free iron at the end of the
digestion. Although ratio of 40:1 did not contain free iron in the gastric phase, some
amount was released after intestinal digestion. When examined the protein contents of
complexes, protein amount decreased when the iron bound to the protein. As digestion
continued, protein amount was gradually increased during digestion. The same trend was
followed for other legumes.

(viii) At a ratio of 10:1 was the first ratio that iron was not been detected in the
solution after digestion for lentil protein-iron complexes. Hence this ratio was selected
for cell experiments because it was thought that minimizing digested protein amount at
the minimum level could be important in terms of cellular function. Within this context
at a ratio of 60:1 was also selected to compare the cellular functionality.

(ix) For pea-derived protein-iron complexes, 20:1 and 60:1 ratios were selected as
the lowest and the highest for cell experiments.

(xX) When soybean was examined in terms of the free iron amount at the end of the
digestion, it was observed that the ratios of 20:1 and 60:1 were suitable for the cell

experiments.
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CHAPTER 7

DETERMINATION OF THE EFFECTS OF PROTEIN-
IRON COMPLEXES ON IRON METABOLISM AT THE
MOLECULAR AND GENETIC LEVEL

Food fortification with iron, which is the addition of iron to processed foods, is
the most practical, cost-effective, long-term, and food-based approach in order to
overcome iron deficiency anemia (IDA). The World Health Organization (WHO) has also
recommended it as a significant method for preventing micronutrient deficiencies
(FAO/WHO, 2007). However, it has several iron-related limitations such as limited
solubility, oxidative processes such as lipid oxidation, and flavor and color change in
iron-fortified food. Low dietary iron bioavailability is the most effective factor that causes
IDA among these limitations. (Caetano-Silva et al., 2018). As a result, new alternative
ways for iron fortification have been developed that provide food with minimum physical
and sensory alteration with high bioavailability.

Food, nutrition, and health are all becoming increasingly important to consumers,
especially in recent years. Food is designed to not only relieve hunger and provide
important nutrients, but also help avoid nutrition-related illnesses, minimize health risks,
and enhance human well-being. (Admassu et al., 2018). Natural compounds, such as
bioactive peptides, are becoming more popular as a result of this greater awareness
(Lafarga and Hayes, 2017). Peptides derived from food protein extracts or hydrolysates
have recently attracted interest as novel metal chelators. Chelated minerals are less prone
to chemical reactions with the environment and are more stable (Caetano-Silva et al.,
2018), with an equivalent or better effect compared to inorganic salts alone (Eckert et al.,
2016). Also, amino acids and other organic acids help to improve iron absorption by
buffering the pH of the intestinal contents. (Torres-Fuentes et al., 2012). The use of iron-
protein or iron-peptide complexes as an innovative strategy to solve the issues associated

with iron fortification might be a feasible alternative.
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Legume proteins extracts are commonly utilized as functional components;
however, their functionality must be proved in a cell culture system by assessing their
physiological activity. Therefore, understanding how the mechanism works is critical.
Within this context, the objective of this chapter of the thesis was the formation of protein-
iron complexes from protein extracts of legumes and to investigate the effects of these
complexes after in vitro simulated digestion on iron bioavailability within the Caco-2 cell
model. The potential of using these complexes to enhance iron absorption in the small
intestine was tried to be evaluated. The experimental steps applied are shown in Figure
7.1 below.

Formation of Protein-lron Complexes

Simulated in vitro digestion

Centrifugation at 4500 g for 20 min at 4°C

Supernatant Collection

éam @um @m =

Cell Culture Studies

Figure 7.1. Flowchart of design of experiments.

7.1. Induction of Iron Deficiency Anemia and Treatment of Digested

Protein-iron Complexes in Caco-2 Cells

For the investigation of the effects of protein-iron complexes on molecular and
genetic regulation of iron metabolism on anemic cells, Caco-2 cells were seeded at 1x10°
cells/well into classical cell culture plates (12-well plates) (Costar, Cambridge, MA).

Optical microscopy was used to confirm the monolayer’s integrity. Iron deficiency
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anemia was induced in the cells at 10-day of post-seeding using a chemical agent
(Deferoxamine, DFQ) at a concentration of 200 puM. After incubation with DFO agent
for 24 h, anemic cells were treated with either iron (FeSO4.7H20); 100 pug/mL) or protein-
iron complexes for furtherl8-hour-incubation in the incubator with specified
concentrations (protein:iron ratio (w/w) which contained no free ferrous iron. The

experimental procedure was summarized in Figure 7.2.

Iron or protein-iron

DFO (200 uM) digest (100 pg/mL)
Cells treatment treatment
24 h 18h

o) (I]H ? 0] OH O
N~~~ NH; HsC-S-OH
= C”MH A HOWOH
NJ\/WN\/\/\/NYCW 0" "OH

OH o o} xFe?* yNH3

Figure 7.2. Induction of iron deficiency and subsequent treatments with iron or protein-

iron complexes in cells growing on 12-well plates and 12-well inserts.
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Figure 7.3. Determination of the effect of iron mineral on the molecular and genetic
regulation of iron metabolism in anemic cells growing on 12-well plates. G1:
Control group, G2: Anemic group, G3: Iron treated group in anemic
condition, G4: Digest of protein-iron complexes treated groups in anemic

conditions.
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7.2. Total RNA Isolation and Quantitative Real-Time Polymerase Chain

Reaction

The levels of MRNA expression of marker genes involved in iron metabolism and
hypoxia were assessed. Total RNA was extracted from cells using the RNAzol reagent
(MRC, Cat. No.: RN190), according to the manufacturer’s instructions. Using the cDNA
synthesis kit, one microgram of each total RNA was transformed to cDNA (Lifetech, Cat.
No.: 4368814). Gene-specific oligonucleotide primers and SYBR-Green mix (Lifetech,
Cat. No.: 4367659) were used in gRT-PCR using an ABI StepOnePlus instrument
(Lifetech, CA, USA) by using. Cr (threshold cycle) levels were normalized according to
human cyclophilin A (CypA) mRNA expression as a housekeeping gene. Mean fold
changes in gene-specific mMRNA levels from all experimental groups were calculated by
the 222t analysis method (Gulec and Collins, 2013).

Table 7.1. Marker genes that were used in the evaluation of the effect of treatments on

iron metabolism

Iron Metabolism Hypoxia
DMT1 ANKRD37
TFR
FPN1

7.3. Statistical Analysis

Data were statistically evaluated by one-way analysis of variance (ANOVA) using
the PRISM software, version 6 (Graph Pad Software, Inc., San Diego, CA, USA).
Significant differences between means were determined by Tukey’s Multiple
Comparison Test procedure at the 5% significance level. The results were considered

statistically significant for p values less than 0.05.
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7.4. Results and Discussions

7.4.1. Cell Studies — Effect of Digested Protein-lron Complexes on Iron

Dependent Gene Regulation

Body iron homeostasis is regulated by intestinal iron absorption because
mammals lack active excretion systems (Gulec and Anderson, 2014). The enterocytes
cells are important for nutritional absorption, and they make up around 95% of all
intestinal cell types (Shirazi-Beechey et al., 2011). The physiology of human enterocyte
cells has been modeled with very different cell lines. Caco-2, the collateral
adenocarcinoma cell line, has been utilized to study iron metabolism because it responds
well to iron deficiency anemia in in vitro (Alvarez-Hernandez et al., 1998; Linder et al.,
2003; Hu et al., 2010; Gulec et al., 2018). DFO treatment induces mMRNAs levels of iron
regulating genes including divalent metal transporter 1 (DMT1, function: to uptake
dietary iron into enterocyte cells), transferrin receptor (TFR, function: iron transport), and
ankyrin repeat domain 37 (ANKRD37, function: hypoxia regulating gene). They are
highly sensitive genetic indicators for iron metabolism and their mRNA levels were
induced DFO dependent iron deficiency anemia (Hu et al., 2010). Intestinal hypoxia-
inducible factor 2o (HIF-2a) which is a transcriptional factor, is essential for iron
absorption during iron deficiency by regulating apical and basolateral iron transporters
(Schwartz et al., 2019). Furthermore, the ANKRD37 gene is regulated by HIF-2a protein
in Caco-2 cells under DFO and iron treatment.

In this final part of the thesis related to food science and nutrition, firstly, the effect
of iron mineral on the molecular and genetic regulation of iron metabolism in anemic
cells growing on 12-well plates was investigated. Iron deficiency anemia was induced
using a chemical agent, DFO, which is a very common molecule used for anemic
conditions in iron metabolism by causing iron unavailable for cells in medium, and
consequently anemic phenotype occurs on cells (Zerounian and Linder, 2002; Hu et al.,
2010). When the cells reached 10-day-confluency, they were treated with DFO and then
iron, and protein-iron complexes that obtained digestion. Ferrous sulfate heptahydrate
(FeS0a4.7H20) form, that conforms to the physiological conditions was used as the iron

source in the experiments based on the previous studies in the literature (Hu et al., 2010).
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Thereafter, as described in previous sections, RNA isolation, cDNA synthesis, and
subsequent g°PCR method were applied for the target genes mentioned.

Functional features of protein:iron complexes were tested on DFO induced iron
deficiency anemia. The selected ratios were where the free iron was not detected in the
solution after digestion to be able to ensure that the functionality really comes from
digested protein-iron complexes and in the case of excessive peptide condition to be able
to have an opinion if this excessive amount of peptide may create a physical barrier for
iron accessibility of cells treated with digested protein-iron complexes. The selected
digested protein-iron complexes are as follows: Lentil protein:iron ratio of 10:1 and 60:1,
chickpea protein:iron ratio of 60:1, soybean protein:iron ratio of 40:1 and 60:1, and pea
protein:iron ratio of 20:1 and 60:1, respectively. It was intended to test ratios that did not
have any free unbound iron with low and high protein levels due to cellular effect on the
digested protein (or peptide).

After cell treatment with the peptides released from soybean during simulated
gastrointestinal digestion at the ratio of 60:1 inhibited the cell proliferation. It was
observed that all cells were dead at the of the treatment. Therefore, this treatment group
was eliminated by itself. No lethal effect was observed at the ratio of 40:1 for the same
protein, soybean. So, it was concluded that this lethal effect occurs in a dose-dependant
manner, and soybean ratios to be used in the cell experiments were updated as 20:1 and
40:1. This was in line with the findings of Gonzales-Montoya et al. (2018) study. They
had demonstrated the ability of soybean gastrointestinal digests to prevent the
proliferation of human colon cancer cell lines.

As in other parts of the thesis lentil protein extract was chosen as a model therefore
the effect of protein-iron complexes derived from lentil proteins on iron metabolism was
investigated initially (Figure 7.4). It was used two different protein-iron ratios: 10:1 and
60:1. It was observed that DMT1 and TFR mRNA expression levels increased under iron
deficiency anemia induced by DFO compared to the control group. Subsequent reduction
of dietary nonheme ferric iron, Dmtl transports the ferrous iron from the absorptive
surface of the small intestine across the apical membrane of enterocytes (Gulec et al.,
2014). Our results were in accordance with the previous studies in which it has been
reported that the intestinal DMT1 expression had been strongly upregulated by iron
deprivation and consequent hypoxia, accounting for the increased uptake of iron under in
deficiency (Linder et al., 2003; Gulec et al., 2014). Transferrin is the plasma iron transport

protein and TfR-bound ferric iron is distributed to the circulation throughout the body
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(Gulec et al., 2014). It had been shown that TfR expression was increased in response to
iron deficiency and decreased when intracellular iron levels were high (Zoller et al.,
2002). Therefore, it could be said that an increase in TFR1 expression was indicative of
iron deficiency as we observed in our experiments, except for the complex for 60:1 ratio.

It has also been shown that when DFO was given to Caco-2 cells the level of
Hif2a protein increased and this increase caused an increase in the Ankrd37 level (Hu et
al., 2010). In this study, the iron mineral that had been administered to the cells reduced
the levels of ANKRD37 mRNA to levels in the control group. Hypoxic condition
diminished due to iron mineral given to the cells except for the complex for 60:1 ratio. In
other words, hypoxia due to iron deficiency anemia increased the expression of

ANKRD37 mRNA compared to control groups.
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Figure 7.4. The effect of protein-iron complexes on iron metabolism and hypoxia-induced
gene expression on anemic cells growing on 12-well inserts. Tfr: Transferrin
Receptor, Dmtl: Divalent metal transporter 1, Ankrd37: Ankyrin Repeat
Domain 37. Data presented as mean + SD. Different letters on bars indicated

significance (p< 0.05). (cont. on next page)

103



B)

3
~

s - @

[2A9] woIssaTdxa VNI Y7L

<

- -~ =

PAd] noissaadxa yNHW f LG

&

+DFO

50

D)

+DFO

e -

13A3] woIssaIdXa WNYW AT

40-

-
@)

= = T a
= o

1949 uoissaadxd wNHW £ STGHYN Y

+DFO

+DFO

20

B)

=)

v - A =

eAa] uoIssardxa ¥ .71

- = - =

PAI] ==_mzt|=_ﬁm VYNHW F LG

+DFO

D)

+ DFO

o)

i "
= ~ -
1

150+
100

PA -.—Om%ma._ﬂ#v VNHW AT

& £ = & =+ ~
TN

[9AD] =c_mmOLﬁ—.¢a YNHW L TN

+DFO

+ DFQ

Figure 7.4. (cont.)

104



A) . B)
5
E
£ E
= 3 u K] 4
> =
< ? g
Z et
-4 4 2
E b be E
s S,
5 ed ﬁ 1
d
0 [rozeemommnse ]
& Q < D » N
s & < & & o &
+DFO +DFO
C) D)
40 504
g a0 —
= 7
£l -
£ 0 3
3 [ | =
g 4 2 a
& g -
@ =
= s
z
] -
E % 2
[ 2
3
s o
- b In
) ol e
& o 3 » » S o
< & N & & o &

Figure 7.4. (cont.)

The increase of solubility is dose-dependent, which might be related to the
occurrence of several binding sites on peptide molecules with varied affinities. Metal ions
bind to the sites with the highest affinity at high concentrations, and when they are
saturated, they bind to less specific sites with lower affinity (Eckert et al., 2014). This
might be the explanation why the concentration of 60:1 did not improve the anemic state.

It was observed that DMT1, TFR, FPN, and ANKRD37 mRNA expression levels
significantly decreased compared to the DFO treated group when anemic Caco-2 cells
were treated with peptide—iron complexes for protein—iron ratios of 10:1 for lentil, ratios
of 20:1 and 40:1 for soybean peptide-iron complexes and beyond, indicating that digested
protein—iron complexes reduced the anemic condition in these cells. However, the same
significant reduction was not observed for the lentil ratio of 60:1, all ratios of pea and

chickpea peptide-iron complexes (Figure 7.5).
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Figure 7.5. The effects of digested peptide—iron complexes derived from legumes on iron
metabolism and hypoxia-induced gene expression on anemic cells growing
on 12-well inserts. (A) DMTI: Divalent metal transporter 1, (B) TFR:
Transferrin receptor, (C) ANKRD37: Ankyrin repeat domain 37 (D) FPN:
Ferroportin. Data were presented as mean + standard deviation. Bars with
different lowercase letters are significantly different (p < 0.05). (Ctrl: Control
group, DFO: Deferoxamine-treated group, Fe: Iron-treated anemic cells,
CP60: Chickpea pr.:iron complex 60:1 (w/w), L10: Lentil pr:iron complex
10:1 (w/w), L60: Lentil pr:iron complex 60:1 (w/w), P20: Pea pr.:iron
complex 20:1 (w/w), P60: Pea pr.:iron complex 60:1 (w/w), SB20: Soybean
pr.:iron complex 20:1 (w/w), SB40: Soybean pr.:iron complex 40:1 (w/w)).

There might be explained in two ways that the complexes with high protein
concentrations did not have any effect on gene regulation. First, the hydrolyzation of high
protein-iron complexes might cause excessive production of free peptides, and these free
peptides might interfere with the absorption of the iron—peptide complexes into cells, or

secondly, high amounts of peptides might be reduced the molecular effects of the iron
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onto the cells. Furthermore, peptides of pea and chickpea that showed no molecular effect
on iron deficiency anemia could be concentrated through ultrafiltration and then the cells
could be treated with these complexes. However, these hypotheses must be tested by
further experiments.

Peptide absorption mechanisms through intestinal epithelial cells are complicated.
So far, two basic mechanisms have been proposed. Although proteins can be hydrolyzed
into amino acids in the epithelial cells, one of the proposed mechanisms is the
transportation of di- and tripeptides by a specific transporter named PepT1. The second
mechanism is passive transport via the paracellular pathway, which has been proposed as
the principal mechanism for transporting intact peptides across the small intestine’s
monolayer of epithelial cells (Lafarga and Hayes, 2016). So, PepT1 should be evaluated
as a marker gene for further studies. Also, the amount of protein in the cells should be
detected with appropriate methods. According to the findings of Zhu et al. (2009), the
ligands do not form a physical barrier or chelate iron with a high enough affinity to
prevent iron absorption by the cells (Zhu et al.,2009). Concerning iron, Lin et al., found
that chelating hydrolyzed proteins from hairtail fish species given to anemic rats had an
effect and increased hemoglobin and ferritin concentrations; however, there was no
difference with ferrous sulfate alone. The available data clearly show the enhancing
effects of hydrolyzed proteins and peptides on calcium and iron in cellular and animal
models. The actual mechanism is rarely investigated and therefore remains largely
unknown.

Our results suggested that the physiological effect of peptide—iron complexes on
iron regulating gene mRNA expression might depend on peptide concentration in vitro.
According to Eckert et al. (2014), various barley-derived peptide compounds could have
diverse binding capacities to a range of metal ions. Peptide and mineral interactions have
also been studied in other protein sources, including chickpeas, fruit drinks, and barely,
and with the conclusion that peptides from these sources lower iron and calcium mineral
toxicity while simultaneously increasing mineral bioavailability. Furthermore, the
synthesized counterpart of the heptapeptide increased iron bioavailability in Caco-2 cells,
demonstrating that iron binds to the peptide in an amino acid-specific way. Because free
iron causes toxicity in cells, the stability of the peptide—iron complexes is critical
throughout digestion and absorption. Specific peptides are thought to boost iron
absorption by enhancing their solubility. Proposed processes include paracellular and/or

peptide transporter-mediated insertion of insert peptides and iron into enterocyte cells.
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Lin et al. (2015) discovered that giving anemic rats chelating hydrolyzed proteins from
hairtail fish species enhanced hemoglobin and ferritin levels. It has also been proven that
adding iron—-whey peptide complexes into food products improves sensory qualities while
lowering the risk of free iron toxicity. These results indicate that peptides increase iron

bioavailability and that peptide-mediated iron chelation lowers the toxicity of free iron.

7.5. Conclusion

The formation of protein-iron complexation was carried out and the stability of
protein-iron complexes was evaluated under simulated in vitro digestion conditions.
Then, the effect of protein-iron complexes on iron metabolism was investigated. It was
used predetermined protein-iron ratios: Chickpea pr.:iron complex 60:1 (w/w) as CP60,
lentil pr:iron complex 10:1 (w/w) as L10, lentil pr:iron complex 60:1 (w/w) as L60, pea
pr.:iron complex 20:1 (w/w) as P20, pea pr.:iron complex 60:1 (w/w) as P60, soybean
pr.:iron complex 20:1 (w/w) as SB20, soybean pr.:iron complex 40:1 (w/w) as SB40, and
soybean pr.:iron complex 60:1 (w/w) as SB60. However, cell treatment with the peptides
released from soybean during simulated gastrointestinal digestion at the ratio of 60:1
inhibited cell proliferation. It was observed that all cells were dead at the of the treatment.
Therefore, this treatment group was eliminated by itself.

It was observed that DMT1 and TFR mRNA expression levels increased under
iron deficiency anemia induced by DFO compared to the control group. It had been shown
that TFR expression was increased in response to iron deficiency and decreased when
intracellular iron levels were high. Therefore, it could be said that an increase in TFR
expression was indicative of iron deficiency as we observed in our experiments. Iron
bioavailability of protein-iron complexes of lentil (10:1 ratio) and soybean (20:1 and 40:1
ratios) in the Caco-2 cells were as high as the iron salts. Digested protein (peptide)—iron
complexes of lentil and soybean significantly reduced to DMT1, TFR, FPN, and
ANKRD37 mRNA expression levels compared to the DFO treated group, indicating that
peptide—iron complexes influence gene regulation in enterocyte cells. However, it is
unknown how the peptide—iron complexes were taken into the cells and how they affect
the cellular mechanisms as complexes or dissociated forms. The actual mechanism, which
is rarely investigated, is worth exploring in the future. To the best of our knowledge, this
is the first study that shows the functionality of legume peptide—iron complexes in a
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nutrition-associated iron deficiency anemia model in the cell culture system. Our cell
culture results should be tested in animals or human models to show systemic
effectiveness of peptide—iron complex against iron deficiency anemia. Even as it is,

protein-iron complexes are promising agents for use in food fortification.
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CHAPTER 8

CONCLUSION

In this Ph. D. thesis, the compensatory effect of copper mineral and protein-iron
complexes on iron deficiency anemia in human enterocyte cell culture model were
investigated. A nutritional iron deficiency arises when physiological requirements cannot
be met by iron absorption from the diet. If iron intake is limited or inadequate due to poor
dietary intake, or in the presence of some chronic diseases iron deficiency anemia may
occur. Thus, the iron mineral that comes from the diet is important and the intestine plays
a vital role to maintain iron homeostasis in the human body. However, whether dietary
iron or blood iron level is determinant in the intestinal iron metabolism is unknown.
Within this context, the Caco-2 cells were grown in classical cell culture plates (12-well
plates) and special bicameral cell culture insert systems for 21 days and investigated the
effects of iron mineral on iron metabolism and hypoxia in case of iron deficiency anemia.
When comparing the levels of DFO and iron-treated cells grown on plates to cells grown
on inserts, it was observed that there was a significant difference in the regulation of
DMT1, FTN, and HEPH genes. So, it can be concluded that the level of iron in the blood
might be more important than the dietary intake. However, the most important point that
should not be missed was that blood iron level was regulated with dietary iron. There are
three ways to maintain iron homeostasis in the human body: iron can be injected into one
of the blood vessels, iron pills can be used as supplements or, by the development and
consumption of functional foods that have high iron bioavailability. Frequent injection of
iron is inconvenient and considering the toxicity of iron, it can cause administration
problems. Also, some problems that come from taking pills are common such as their
side effects (constipation, diarrhea, sickness, vomiting, etc.) and swallowing pills can be
a problem, either. Therefore, it is important to develop edible natural iron supplements
that can be used as an additive to food products to make them “functional” via enhancing

their iron bioavailability in order to reduce iron deficiency risk in humans. With this
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study, it was shown that the mechanism of why we need to develop a functional food
(Chapter 4).

The total protein contents of lentil, pea, chickpea, and soybean were 0.86, 0.75,
0.60, and 0.62 g/g, respectively. For all the protein extracts, a characteristic U-shaped
solubility curve was obtained. In general, the highest solubility was observed at pH 2.0
and the pH ranging between 7-8, indicating the increasing solubility on either side of the
isoelectric point. Lentil extract had the highest solubility at physiological pH (pH 7.0),
whereas the water-soluble contents of chickpea, pea, and soybean did not show
statistically significant differences (P > 0.05). The results of Fe** chelating capacity
indicated that the ferrozine assay for the lentil protein extract at physiological pH worked
well, in good agreement with the results obtained with Fe?* chelating capacity of the
standard at the same pH. Ferrozine used in this assay was unstable at low acidic
conditions, especially in pH values less than 4. It was observed that phosphate was a good
iron chelator, so phosphate buffer was not suitable for the experiments related to the iron
binding capacity determination. For different pH environments, ferrous sulfate as an iron
source in place of ferrous chloride seemed to be suitable with this way of use considering
the aim of the thesis. Ferrous ion chelating (FIC) abilities of all crude protein extracts
were assessed with the use of ferrous chloride and ferrous sulfate solution as an iron
source. For both iron solutions used, lentils showed the highest FIC ability followed by
soybean pea, and chickpea, respectively (at the concentration of 1500 ug protein per
reaction mixture) (Chapter 5).

Three different simulated gastrointestinal digestion assays were applied to
lyophilized legume protein extracts and the methods were compared to find out
convenient digestion method. Method 1 was chosen for further optimization studies
considering the digestion efficiency and its lack of interference with iron ions.
Optimization of simulated gastrointestinal digestion was performed according to the Box-
Behnken experimental design. Maximum soluble protein (92.4 mg/g) was obtained at 7%
and 4% of pepsin and pancreatin concentration, respectively with 2-hour gastric
digestion. In order to fix the digestion parameters, numerical optimization was applied.
8% (w/w) for pepsin concentration, 4% (w/w) for pancreatin concentration with 2-h for
gastric incubation were fixed as optimal conditions for higher digestion efficiency. Iron
binding profiles of legumes were generated with different ratios during the complexation
period. The iron amount was constant at the ratios, whereas protein amount was increased

gradually to understand the effect of protein amount on iron chelation. As protein amount
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increased iron amount decreased, indicating the chelation. However, after 30-min
interaction, no major changes were observed in the iron amount considering all the
legumes. The overall binding results suggested that most of the iron binding was
completed within 30 min. Complexes might suffer instability or iron oxidation if the
formation time is kept longer. Therefore 30 min was fixed as formation time. After
protein-iron complexes were formed, simulated in vitro digestion studies were carried out
with different protein:iron ratios (w/w) as 5:1, 10:1, 20:1, 40:1, and 60:1, respectively
under optimized and validated digestion conditions. It was significantly important that
digest did not contain free iron after digestion to be able to make sure that functionality
if it was, comes from the complex, not from the free form. So, for chickpea, the ratio of
60:1 was selected for further cell experiments. Because this was the ratio that contained
no free iron at the end of the digestion. Although the ratio of 40:1 did not contain free
iron in the gastric phase, some amount was released after intestinal digestion. When
examined the protein contents of complexes, protein amount decreased when the iron
bound to the protein. As digestion continued, protein amount was gradually increased
during digestion. The same trend was followed for other legumes. At a ratio of 10:1 was
the first ratio that iron was not been detected in the solution after digestion for lentil
protein-iron complexes. Hence this ratio was selected for cell experiments because it was
thought that minimizing digested protein amount at the minimum level could be important
in terms of cellular function. Within this context at a ratio of 60:1 was also selected to
compare the cellular functionality. For pea-derived protein-iron complexes, 20:1 and 60:1
ratios were selected as the lowest and the highest for cell experiments. When soybean
was examined in terms of the free iron amount at the end of the digestion, it was observed
that the ratios of 20:1 and 60:1 were suitable for the cell experiments (Chapter 6).

The formation of protein-iron complexation was carried out and the stability of
protein-iron complexes was evaluated under simulated in vitro digestion conditions.
Then, the effect of protein-iron complexes on iron metabolism was investigated. It was
used predetermined protein-iron ratios: Chickpea pr.:iron complex 60:1 (w/w) as CP60,
lentil pr:iron complex 10:1 (w/w) as L10, lentil pr:iron complex 60:1 (w/w) as L60, pea
pr.:iron complex 20:1 (w/w) as P20, pea pr.:iron complex 60:1 (w/w) as P60, soybean
pr.:iron complex 20:1 (w/w) as SB20, soybean pr.:iron complex 40:1 (w/w) as SB40, and
soybean pr.:iron complex 60:1 (w/w) as SB60. However, cell treatment with the peptides
released from soybean during simulated gastrointestinal digestion at the ratio of 60:1

inhibited cell proliferation. It was observed that all cells were dead at the of the treatment.
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Therefore, this treatment group was eliminated by itself. It was observed that DMT1 and
TFR mRNA expression levels increased under iron deficiency anemia induced by DFO
compared to the control group. It had been shown that TFR expression was increased in
response to iron deficiency and decreased when intracellular iron levels were high.
Therefore, it could be said that an increase in TFR expression was indicative of iron
deficiency as we observed in our experiments. lron bioavailability of protein-iron
complexes of lentil (10:1 ratio) and soybean (20:1 and 40:1 ratios) in the Caco-2 cells
were as high as the iron salts. Digested protein (peptide)—iron complexes of lentil and
soybean significantly reduced to DMT1, TFR, FPN, and ANKRD37 mRNA expression
levels compared to the DFO treated group, indicating that peptide—iron complexes
influence gene regulation in enterocyte cells. However, it is unknown how the peptide—
iron complexes were taken into the cells and how they affect the cellular mechanisms as
complexes or dissociated forms. The actual mechanism, which is rarely investigated, is
worth exploring in the future. To the best of our knowledge, this is the first study that
shows the functionality of legume peptide—iron complexes in a nutrition-associated iron
deficiency anemia model in the cell culture system. Our cell culture results should be
tested in animals or human models to show systemic effectiveness of peptide—iron
complex against iron deficiency anemia. Even as it is, protein-iron complexes are
promising agents for use in food fortification (Chapter 7).

The nutrient-dependent regulation of enterocyte cells is central to the intestinal
nutrient-sensing mechanism. The basolateral and apical sides of the enterocyte cells are
the primary targets to understand nutrient sensing in terms of nutrient overload or
deficiency. Furthermore, the polarization of Caco-2 cells also might influence gene
regulation. The results obtained from studies of the first experimental chapter of this
thesis suggested that intracellular gene regulation was mainly affected by copper
treatment in the basolateral side of enterocyte cells during IDA, indicating that blood
copper level might have the ability to control the enterocyte iron metabolism at molecular
and genetic levels during iron deficiency anemia. The blood copper level might be an
important regulator for intestinal iron metabolism during iron deficiency anemia. The
main application of this finding might be that copper mineral could be considered to add
with iron mineral for functional food development processes or iron supplements to
reduce the risk of iron deficiency (Chapter 3).

This Ph.D. thesis aimed to develop "edible protein-iron complexes" derived from

legume proteins, which could be used as a nutritional supplement in food products to
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reduce the risk of iron deficiency in humans without causing a change in their current diet
in order to reduce iron deficiency anemia, which is the first in the world due to nutrient
deficiency and seen in all age groups. The results obtained from this thesis study revealed
that the chelating capacity of lentil and soybean protein-iron complexes increased after
digestion and these complexes fixed the anemia status in anemic enterocyte cells. And to
the best of our knowledge, this is the first study to demonstrate the functionality of legume
protein-iron complexes in a nutrition-associated anemia model in a cell culture system.
For these reasons, an edible natural supplement to be formed using the iron-binding
activity of legume proteins is very interesting in terms of medical nutrition. The copper
mineral could be considered to add with iron mineral to proteins for functional food

development processes or iron supplements to reduce the risk of iron deficiency.

114



REFERENCES

Abbaspour, N., Hurrell, R., Kelishadi, R. (2014). Review on iron and its importance for
human health, J Res Med Sci, 19, 164-74.

Admassu, H., Gasmalla, AA., Yang, R., Zhao, W. (2018). Bioactive peptides derived
from seaweed protein and their health benefits: Antihypertensive, antioxidant, and
antidiabetic properties. Journal of Food Science, 83 (1), 6-16.

Alvarez-Hernandez X., Nichols, G. M., Glass, J., "Caco-2 Cell Line: A System for
Studying Intestinal Iron Transport across Epithelial Cell Monolayers"”, Biochim
Biophys Acta, 1070(1), 205-208, (1991).

Anderson, G.J., Frazer, D.M, McKie, A.T., Vulpe, C.D. (2002). The Ceruloplasmin
homolog Hephaestin and the control of intestinal iron absorption, Blood Cell Mol
Dis, 29 (3), 367-375.

Anderson ER, Taylor M, Xue X, et al. Intestinal HIF2a promotes tissue-iron
accumulation in disorders of iron overload with anemia. Proc Natl Acad Sci.
2013;110(50):E4922-4930.

Arcan, ., & Yemenicioglu, A. (2010). Effects of controlled pepsin hydrolysis on
antioxidant potential and fractional changes of chickpea proteins. Food Research
International, 43, 140-147.

Arcan, I., & Yemenicioglu, A. (2007). Antioxidant activity of protein extracts from heat-
treated or thermally processed chickpeas and white beans. Food Chemistry,
103(2), 301-312.

Aydemir, L. Y., & Yemenicioglu, A. (2013). Potential of Turkish Kabuli type chickpea
and green and red lentil cultivars as source of soy and animal origin functional
protein alternatives. Lwt-Food Science and Technology, 50(2), 686-694.

Aydemir, L.Y., Aydemir, S., Akcakaya, F.G. (2018). Application of multi criteria
decision tenique to determine the best chickpea cultivars with high antioxidant
potential. AGROFOR International Journal, 3(1), 27-34.

Barbana, C., & Boye, J. I. (2013). In vitro protein digestibility and physico-chemical
properties of flours and protein concentrates from two varieties of lentil (Lens
culinaris). Food & Function, 4, 310-321.

Barbana, C., & Boye, J. I. (2013). In vitro protein digestibility and physico-chemical

properties of flours and protein concentrates from two varieties of lentil (Lens
culinaris). Food & Function, 4, 310-321.

115



Barbana, C., Boucher, AC., Boye, J. I. (2011). In vitro binding of bile salts by lentil flours,
lentil protein concentrates and lentil protein hydrolysates. Food Research
International, 44, 172-180.

Boye, J. I, Aksay, S., Roufik, S., Ribereau, S., Mondor, M., Farnworth, E., &
Rajamohamed, S. H. (2010b). Comparison of the functional properties of pea,
chickpea and lentil protein concentrates processed using ultrafiltration and
isoelectric precipitation techniques. Food Research International, 43(2), 537-546.

Boye, J., Zare, F., & Pletch, A. (2010a). Pulse proteins: Processing, characterization,
functional properties and applications in food and feed. Food Research
International, 43(2), 414-431.

Bradford, M. M. (1976). A rapid and sensitive method for the quantitation of microgram
quantities of protein utilizing the principle of protein-dye binding. Analytical
Biochemistry, 72(1-2), 248-254.

Caetano-Silva M. E., Bertoldo-Pacheco, M. T. Paes-Leme, A. F., Netto, F. M. (2015).
Iron-binding peptides from whey protein hydrolysates: Evaluation, isolation and
sequencing by LC-MS/MS. Food Research International, 71, 132-139.

Caetano-Silva ME., Cilla, A., Bertoldo-Pacheco, MT., Netto, FM., Alegria, A. (2018).
Evaluation of in vitro iron bioavailability in free form and as whey peptide-iron
complexes. Journal of Food Composition and Analysis, 68, 95-100.

CFNP TAP Review, 2002

Chakrabarti, S., Guha, S., Majumder, K. (2018). Food-derived bioactive peptides in
human health: Challenges and opportunities, Nutrients, 10, 1-17.

Chantret I., Barbat, A., Dussaulx, E., Brattain, M. G., Zweibaum, A., "Epithelial Polarity,
Villin Expression, and Enterocytic Differentiation of Cultured Human Colon
Carcinoma Cells: A Survey of Twenty Cell Lines", Cancer Res, 48(7), 1936-1942,
(1988).

Chase, M.S., Gubler, C.J., Cartwright, G.E., Wintrobe, M.M. (1952). Studies on copper
metabolism. IV. The influence of copper on the absorption of iron, J Biol Chem,
199, 757-763.

Chicault C., Toutain, B., Monnier, A., Aubry, M., Fergelot, P., Le Treut, A., Galibert, M.
D., Mosser, J., "lIron-Related Transcriptomic Variations in Caco-2 Cells, an in
Vitro Model of Intestinal Absorptive Cells", Physiol Genomics, 26(1), 55-67,
(2006).

Cilla, A., Perales, S., Lagarda, MJ., Barbera, R., Farre, R. (2008). Iron bioavailability in
fortified fruit beverages using ferritin synthesis by Caco-2 cells. Journal of
Agricultural and Food Chemistry, 56, 8699-8703.

Collins, J.F., Klevay, L.M. (2011). Copper, Adv Nutr, 2 (6), 520-522.

116



Collins, JF., & Anderson, GJ. (2012). Molecular mechanisms of intestinal iron transport.
In LR. Johnson, FK. Ghishan, JD. Kaunitz, JL. Merchant, HM. Said, & JD. Wood
(Eds.), Physiology of the gastrointestinal tract (5" ed., 1921-1947). Boston:
Academic Press.

Collins JF, Prohaska JR, Knutson MD. Metabolic crossroads of iron and copper. Nutr
Rev. 2010;68(3):133-147.

Cakir, O, Ugarli, C., Tarhan, C., Pekmez, M., Turgut-Kara, N. (2019). Nutritional and
health benefits of legumes and their distinctive genomic properties. Food Sci and
Technol, 39(1):1-12.

Dalmasso G., Nguyen HTT., Yan Y., Laroui., Srinivasan S., Sitaraman SV., Merlin D,
“MicroRNAs determine human intestinal epithelial cell fate”, Differentiation, 80,
147-154, (2010).

Damodaran, S. (1997). Food Proteins: An Overview. In S. Damodaran & A. Paraf (Eds.),
Food Proteins and Their Applications (pp. 1-24). New York: Marcel Dekker.

Donovan, A., Brownlie, A., Zhou, Y., Shepard, J., Pratt, S.J., Moynihan, J., & Zon, L.I.
(2000). Positional cloning of Zebrafish Ferroportin 1 identifies a conserved
vertebrate iron exporter, Nature, 403 (6771), 776-781.

Duranti, M. (2006). Grain legume proteins and nutraceutical properties, Fitoterapia, 77,
67-82.

Durukan, 1., Sahin, C.A., Satiroglu, N., Bektas, S. (2011). Determination of iron and
copper in food samples by flow injection cloud point extraction flame atomic
absorption spectrometry, Microchemical Journal, 99, 159-163.

Ece, A., Uyanik, B.S, Iscan, A et al. (1997) Increased serum copper and decreased serum
zinc levels in children with iron deficiency anemia. Biol Trace Elem Res. , 59 (1-
3), 31-9

Eckert, E., Lu, Bamdad, F., Chen, L.(2014). Metal solubility enhancing peptides derived
from barley protein. Food Chemistry, 159, 498-506.

Eckert, E., Lu, L., Unsworth, L. D., Chen, L., Xie, J., Xu, R. (2016). Biophysical and in
vitro absorption studies of iron chelating peptide from barley proteins. Journal of
Functional Foods, 25, 291-301.

El-Shobaki FA, Rummel W. Binding of copper to mucosal transferrin and inhibition of
intestinal iron absorption in rats. Res Exp Med (Berl). 1979;174(2):187-95.

Evcan, E., Gulec, S. (2020). The development of lentil derived protein-iron complexes
anf their effects on iron deficiency anemia in in vitro. Food Funct., 11, 4185.

117



FAO/WHO, 2007. In: World Health Organization, C.f.D.C.a.P (Ed.), Assessing the Iron
Status of Populations, 2nd ed. Food and Agriculture Organization/World Health
Organization, Geneva, Switzerland p. 108.

Fox PL. The copper-iron chronicles: the story of an intimate relationship. Biometals.
2003;16(1):9-40.

Gefeller EM, Bondzio A, Aschenbach JR, et al. Regulation of intracellular Zn
homeostasis in two intestinal epithelial cell models at various maturation time
points. J Physiol Sci. 2015;65:317-328.

Ghribi, A. M., Gafsi, I. M, Blecker, C., Danthine, S., Attia, H., Besbes, S. (2015). Effect
of drying methods on physico-chemical and functional properties of chickpea
protein concentrates. Journal of Food Engineering, 165, 179-188.

Ghumman, A., Kaur, A., Singh, N. (2016). Functionality and digestibility of albumins
and globulins from lentil and horse gram and their effect on starch rheology. Food
Hydrocolloids, 61, 843-850.

Gonzéles-Montoya, M., Hernandez-Ledesma, B., Silvan, J. M., Mora-Escobedo, R.,
Martinez-Villaluenga, C. (2018). Peptides derived from in vitro gastrointestinal
digestion of germinated soybean proteins inhibit human colon cancer cells
proliferation and inflammation. Food Chemistry, 242, 75-82.

Guilbert, J.J. (2003). The World Health Report 2002 — Reducing risks, promoting healthy
life, Educ Health (Abingdon), 16 (2), 230.

Gulec S, Collins JF. Investigation of iron metabolism in mice expressing a mutant
Menke's copper transporting ATPase (Atp7a) protein with diminished activity
(Brindled; Mo®™)). PLoS One. 2013;8(6):e66010.

Gulec S, Collins JF. Molecular mediators governing iron-copper interactions. Annu Rev
Nutr. 2014;34:95-116.

Gulec S, Collins JF. Silencing the Menkes copper-transporting ATPase (Atp7a) gene in
rat intestinal epithelial (IEC-6) cells increases iron flux via transcriptional
induction of ferroportin 1 (Fpnl). J Nutr. 2014;144(1):12-9.

Gupta, C., Chawla, P., Arora, S., Singh, A.K. (2015). Iron microencapsulation with blend
of gum arabic, maltodextrin and modified starch using modified solvent
evaporation method — Milk fortification, Food Hydrocolloids, 43, 622-628.

Ha JH, Doguer C, Collins JF. Consumption of a high-iron diet disrupts homeostatic
regulation of intestinal copper absorption in adolescent mice. Am J Physiol
Gastrointest Liver Physiol. 2017;313:G353-G360.

Han O, Wessling-Resnick M. Copper repletion enhances apical iron uptake and

transepithelial iron transport by Caco-2 cells. Am J Physiol Gastrointest Liver
Physiol. 2002;282(3):G527-533.

118



Harned J., Nagar S., McGahan MC., “Hypoxia controls iron metabolism and glutamate

secretion in retinal pigmented epithelial cells”, Biochim Biophys Acta, Issue.
1840, 3138-3144, (2014).

Harris, Z.L., Takahashi, Y., Miyajima, H., Serizawa, M., MacGillivray, R.T., Gitlin, J.D.
(1995.). Aceruloplasminemia: Molecular characterization of this disorder of iron
metabolism, Proc Natl Acad Sci USA, 92 (7), 2539-2543.

Harrison, P.M., Arosio, P. (1996). The ferritins: Molecular properties, iron storage
function and cellular regulation, Biochim Biophys Acta, 1275 (3), 161-203.

Hu Z, Gulec S, Collins JF. Cross-species comparison of genomewide gene expression
profiles reveals induction of hypoxia-inducible factor-responsive genes in iron-
deprived intestinal epithelial cells. Am J Physiol Cell Physiol. 2010;299(5):C930-
938.

Hurrell, R, Egli, 1. (2010). Iron bioavailability and dietary reference values, Am J Clin
Nutr, 91, 1461-7S.

Jamdar, S. N., Deshpande, R., Marathe, S. A. (2017). Effect of processing conditions and
in vitro protein digestion on bioactive potentials of commonly consumed legumes.
Food Bioscince, 20, 1-11.

Jarpa-Parra, M., Bamdad, F., Wang, Y., Tian, Z., Temelli, F., Han, J., Chen, L. (2014).
Optimization of lentil protein extraction and the influence of process pH on
protein structure and functionality. LWT — Food Science and Technology, 57, 461-
469.

Joshi, M., Timilsena, Y., Adhikari, B. (2017). Global production, processing and
utilization of lentil: A review. Journal of Integrative Agriculture, 16(12), 2898-
2913.

Kaur, M., & Singh, N. (2007). Characterization of protein isolates from different Indian
chickpea (Cicer arietinum L.) cultivars. Food Chemistry, 102(1), 366-374.

Kim, B.E., Petris, M.J. (2007). Phenotypic diversity of Menkes disease in mottled mice
Is associated with defects in localization and trafficking of the Atp7a protein, J
Med Genet, 44 (10), 641-646.

Klevay, L.M. (1997). Copper as a supplement to iron for hemoglobin building in the rat,
J Nutr, 127, 1034S-1036S.

Klevay, L.M. (2000). Dietary copper and risk of coronary heart disease, Am J Clin Nutr,
71(5), 1213-1214.

Knutson, M., Wessling-Resnick, M. (2003). Iron, metabolism in the reticuloendothelial
system, Crit. Rev. Biochem. Mol.Biol., 38, 61-88.

119



Krebs, C.J., Krawetz, S.A. (1993). Lysyl oxidase copper-talon complex: A model,
Biochim Biophys Acta, 1202 (1), 7-12.

Lafarga, T., & Hayes, M. (2017) Bioactive protein hydrolysates in the functional food
ingredient industry: Overcoming current challenges, Food Reviews International,
33 (3), 217-246.

Lai, J.F., Dobbs, J., Dunn, M.A. (2012). Evaluation of clams as a food source of iron:
Total iron, heme iron, aluminium, and in vitro iron bioavailability in live and
processed clams, Journal of Food Composition and Analysis, 25, 47-55.

Lee SM., Attieh ZK., Son HS., Chen H., Bacouri-Haidar M., Vulpe CD., “Iron repletion
relocalizes hephaestin to a proximal basolateral compartment in polarized MDCK
and Caco?2 cells”, Biochem Biophys Res Commun, Issue 421, 449-455, (2012).

Li, Y., Jiang, HG., Huang. (2017) Protein hydrolysates as promoters of non-Haem iron
absorption. Nutrients, 9, 1-15.

Liang E., Chessic K., Yazdanian M. (2000). ‘Evaluation of an accelerated Caco-2 cell
permeability model’, J Pharm Sci, Issue. 89, vol.3, pp. 336-345.

Liao, X., Yun, S., Zhao, G. (2014). Structure, function, and nutrition of phytoferritin: a
newly functional factor for iron supplement, Critical Reviews in Food Science and
Nutrition, 54 (10), 1342-1352.

Linder M. C., Zerounian, N. R., Moriya, M., Malpe, R., "lIron and Copper Homeostasis
and Intestinal Absorption Using the Caco2 Cell Model", Biometals, 16(1), 145-
160, (2003).

Lowe, J.A., Wiseman, J. (1998). A comparison of the bioavailability of three dietary zinc
sources using four different physiologic parameters in dogs, J Nutr, 128 (12),
2809S-2811S.

Lonnerdal, (2009). Soybean ferritin: Implications for iron status of vegetarians, American
Journal of Clinical Nutrition, 89 (5), 1680S-1685S.

Lv, Y., Guo, S., Tako, E., Glahn, RP. (2014). Hydrolysis of Soybean Protein Improves
Iron Bioavailability by Caco-2 Cell. Journal of Food and Nutrition Research,
2(4), 162-166.

Ma, Y., Specian, R.D., Yeh, K.Y., Yeh, M., Rodriguez-Paris, J., Glass, J. (2002). The
transcytosis of divalent metal transporter 1 and apo-transferrin during iron intake
in intestinal epithelum, Am J Physiol Gastrointest Liver Physiol, 283 (4), G965-
974.

Markell, L. K., Wezalis, S. M., Roper, J. M., Zimmermann, C., Delaney, B. (2017).

Incorporation of in vitro digestive enzymes in an intestinal epithelial cell line
model for protein hazard identification. Toxicology in Vitro, 44, 85-93.

120



Matak P, Zumerle S, Mastrogiannaki M, et al. Copper deficiency leads to anemia,
duodenal hypoxia, upregulation of HIF-2a and altered expression of iron
absorption genes in mice. PLoS One. 2013;8(3):e59538.

McClements, D. J. (2002). Modulation of globular protein functionality by weakly
interacting cosolvents. Critical Reviews in Food Science and Nutrition, 42(5),
417-471.

McKie, A.T., Barrow, D., Latunde-Dada, G.O., Rolfs, A., Sager, G., & Simpson, R.J.
(2001). An iron-regulated ferric reductase associated with the absorption of
dietary iron, Science, 291(5509), 1755-1759.

Miao, J., Liao, W., Pan, Z., Wang, Q., Duan, S., Xiao, S., Yang, Z., Cao, Y. (2019).
Isolation and identification of iron-chelating peptides from casein hydrolysates.
Food Funct., 10, 2372.

Mierzejewska, D., Mitrowska, P., Rudnicka, B., Kubicka, E., Kostyra, H. (2008). Effect
of non-enzymatic glycosylation of pea albumins on their immunoreactive
properties. Food Chem., 111, 127-131.

Mohan, A., Rajendran, SRCK., He, QS., Bazinet, L., Edenigwe, CC. (2015).
Encapsulation of food protein hydrolysates and peptides: Review. RSC Advances,
5, 79270-79278.

Monk, JM., Lepp, D., Wu, W., Graf,D., McGillis, LH., Hussain, A., Carey, C., Robinson,
LE., L, R., Tsao, R., Brummer, Y., Tosh, SM., Power, KA. (2017). Chickpea-
supplemented diet alters the gut microbiome and enhances gut barrier integrity in
C57BI/6 male mice. J Func. Food, 663-674.

Muckenthaler, M.U., Galy, B., Hnetze, M.W. (2008). Systemic iron homeostasis and the
iron-responsive element/iron regulatory protein (Ire/lro) regulatory network,
Annu Rev Nutr, 28, 197-213.

Oliveira, A. P., Mateg, B. S. O., Fioroto, A. M., Oliveira, P. V., Naozuka, J. (2018). Effect
of cooking on the bioaccessibility of essential elements in different varieties of
beans (Phaseolus vulgaris L.). Journal of Food Composition and Analysis, 67,
135-140.

O’Loughlin, 1.B., Kelly, P.M., Murray, B.A., FitzGerald, R.J., Brodkorb, A. (2015).
Molecular characterization of whey protein hydrolysate fractions with ferrous
chelating and enhanced iron solubility capabilities. J Agr Food Chem, 63, 2708-
2714,

Panthopoulos, K. (2004). Iron metabolism and Ire/lrp regulatory system: An update, Ann
N'Y Acad Sci, 1012, 1-13.

Pelegrine, DHG., Gasparetto, CA. (2005). Whey proteins solubility as function of
temperature and pH. LWT-Food Sci. Technol, 2005, 38, 77-80.

121



Prohaska, J.R., Gybina, A.A. (2004). Intracellular copper transport in mammals, J Nutr,
124 (5), 1003-1006.

Prohaska, J.R. (2008). Role of copper transporters in copper homeostasis, Am J Clin Nutr,
88 (3), 826S-826S.

Polanco-Lugo, E., Davila-Ortiz, G., Brtancur-Ancona, DA., Chel-Guerrero, LA. (2014).
Effects of sequential enzymatic hydrolysis on structural, bioactive and functional
properties of Phaseolus lunatus protein isolate. Food Science and Technology,
34(3), 441-448.

Pourvali K., Matak, P., Latunde-Dada, G. O., Solomou, S., Mastrogiannaki, M.,
Peyssonnaux, C., Sharp, P. A., "Basal Expression of Copper Transporter 1 in
Intestinal Epithelial Cells Is Regulated by Hypoxia-Inducible Factor 2alpha”,
FEBS Lett, 586(16), 2423-2427, (2012).

Ravia, J.J., Stephen, R.M., Ghishan, F.K., Collins, J.F. (2005). Menkes copper Atpase
(Atp7a) is a novel metal-responsive gene in rat duedonum and immune reactive
protein is present on brush-border and basolateral membrane domains, J Biol
Chem, 280 (43), 36221-36227

Ravid Z, Bendayan M, Delvin E, et al. Modulation of intestinal cholesterol absorption by
high glucose levels: impact on cholesterol transporters, regulatory enzymes, and
transcription factors. Am J Physiol Gastrointest Liver Physiol. 2008;
295(5):G873-885.

Reeves, P.G., Demars, L.C. (2004). Copper deficiency reduces iron absorption and
biological half-life in male rats, J Nutr, 134 (8), 1953-1957.

Roy, F., Boye, J.1., Simpson, B.K. (2010). Bioactive proteins and peptides in pulse crops:
pea, chickpea and lentil. Food Res. Int., 43(2), 432e442.

Russin, T. A., Arcand, Y., Boye, J. I. (2007). Particle size effect on soy protein isolate.
Journal of Food Processing and Preservation, 31(3), 308-3109.

Saini, R.K., Nile, S.H., Keum, Y.S. (2016). Food science and technology for management
of iron deficiency in humans: A review, Trends in Food Science & Technology,
53, 13-21.

Sambuy Y, De Angelis I, Ranaldi G, et al. The Caco-2 cell line as a model of the intestinal
barrier: influence of cell and culture-related factors on Caco-2 cell functional
characteristics. Cell Biol Toxicol. 2005;21(1):1-26.

Sanchez-Chino, XM., Martinez, CJ., Ledn-Espinosa, EB., Gardufio-Siciliano, L.,
Alvarez-Gonzélez, 1., Madrigal-Bujaidar, E., Vasquez-Garzon, VR., Baltiérrez-
Hoyos, R., Davila-Ortiz, G. (2018). Protective Effect of Chickpea Protein
Hydrolysates on Colon Carcinogenesis Associated with a Hypercaloric Diet.
Journal of the American College of Nutrition, 1-10.

122



Satake M., Enjoh, M., Nakamura, Y., Takano, T., Kawamura, Y., Arai, S., Shimizu, M.,
"Transepithelial Transport of the Bioactive Tripeptide, Val-Pro-Pro, in Human
Intestinal Caco-2 Cell Monolayers”, Biosci Biotechnol Biochem, 66(2), 378-384,
(2002).

Schiimann, K., Elsenhans, B. (2002). The impact of food contaminants on the
bioavailability of trace metals, J. Trace Elem. Biol., 16 (3), 139-144.

Schwartz AJ, Das NK, Ramakrishnan SK, et al. Hepatic hepcidin/intestinal HIF-2a axis
maintains iron absorption during iron deficiency and overload. J Clin Invest.
2019;129(1):336-348.

Senarathna SMDKG, Crowe A., “The influence of passage number for Caco2 cell models
when evaluating P-gp mediated drug transport”, Pharmazie, 70, 798-803, 2015.

Sevin E., Dehouck L., Costa AF., Cecchelli R., Dehouck MP., Lundquist S., Culot M.,
“Accelerated Caco-2 cell permeability model for drug discovery”, J Pharmacol
Toxicol Methods, Issue. 68, 334-339, (2013).

Sharif, HR., Williams, PA., Sharif, MK., Abbas, S., Majeed, H., Masamba, KG, Safdar,
W., Zhong, F. (2018). Current progress in the utilization of native and modified
legume proteins as emulsifiers and encapsulants — A review. Food Hydrocoll., 2-
16.

Sherman AR, Moran PE. Copper metabolism in iron-deficient maternal and neonatal rats.
J Nutr. 1984;114:298-306.

Spiro, T., & Saltman, P. (1974). Iron in Biochemistry and Medicine. Inorganic
Chemistry.

Stahl, W., van den Berg, H., Arthur, J., Bast, A., Dainty, J., Faulks, R.M., & Astley, S.B.
(2002). Bioavailability and metabolism, Mol Aspects Med., 23, 39-100.

Sternlieb, 1. (2000). Wilson’s disease, Clin Liver Dis, 4 (1), 229-239.

Stookey, L. L. (1970). Ferrozine — A new Spectrophotometric Reagent for Iron.
Analytical chemistry, 42(7), 779-781.

Sugiarto, M., Ye, A., Singh, H. (2009). Characterization of binding of iron to sodium
caseinate and whey protein isolate. Food Chemistry, 114, 1007-1013.

Theil, E.C., Liu, X.S., Tosha, T. (2008). Gated pores in the ferritin protein nanocage,
Inorganica Chim Acta, 361 (4), 868-874.

Torres-Fuentes, C., Alaiz, M., Vioque, J. (2011). Affinity purification and
characterisation of chelating peptides from chickpea protein hydrolysates Food
Chemistry, 129, 485-490.

Torres-Fuentes, C., Alaiz, M., Vioque, J. (2012). Iron-chelating activity of chickpea
protein hydrolysate peptides. Food Chemistry, 134, 1585-1588.

123



Tumer, Z., Moller, L.B. (2010). Menkes Disease, Eur J Hum Genet, 18 (5), 511-518.

Vagadia, BH., Vanga, SK., Raghavan, V. (2017). Inactivation methods of soybean trypsin
inhibitor — A review. Trends Food Sci. Technol., 64, 115-215.

Vashchenko G., MacGillivray RTA., “Multi-Copper Oxidases and Human Iron
Metabolism”, Nutrients, Issue.5, 2289-2313, (2013).

Verma, C., Tapadia, K., Soni, AB. (2017). Determination of iron (I11) in food, biological
and environmental samples, Food Chemistry, 221, 1415-1420.

Wang X, Flores SRI, Ha JH, et al. Intestinal DMT1 is essential for optimal assimilation
of dietary copper in male and female mice with iron-deficiency anemia. J Nutr.
2018;148(8):1244-1252.

Wang, T., Jonsdottir, R., Olafsdéttir, G. (2009). Total phenolic compounds, radical
scavenging and metal chelation of extracts from Icelandic seaweeds, Food
Chemistry, 116, 240-248.

Wang T, Xiang P, Ha JH, et al. Copper supplementation reverses dietary iron overload-
induced pathologies in mice. J Nutr Biochem. 2018;59:56-63.

Ward, RE., and Legako, JF. (2017). Traditional methods for mineral analysis. Ch. 21, in
Food Analysis, 5th ed. S.S. Nielsen (Ed.), Springer, New York.

Welch, K. D., Davis, T. Z., Aust, S. D. (2002). Iron autoxidation and Free Radical
Generation: Effects of Buffers, Ligands, and Chelators. Archives of Biochemistry
and Biophysics, 392(2), 360-369.

World Health Organization. (2001). ‘Iron deficiency anemia. Assessment, prevention and
control. A guide for programme managers.’

Yang, R., Zhou, Z., Sun, G., Gao, Y., Xu, J. (2015). Ferritin, a novel vehicle for iron
supplementation and food nutritional factor encapsulation, Trends in Food Sci,
44, 189-200.

Yin L., Vijaygopal, P., MacGregor, G. G., Menon, R., Ranganathan, P., Prabhakaran, S.,
Zhang, L., Zhang, M., Binder, H. J., Okunieff, P., Vidyasagar, S., "Glucose
Stimulates Calcium-Activated Chloride Secretion in Small Intestinal Cells", Am
J Physiol Cell Physiol, 306(7), C687-696, (2014).

Yokoi K, Kimura M, Itokawa Y. Effect of dietary iron deficiency on mineral levels in
tissues of rats. Biol Trace Elem Res. 1991;29:257-265.

Yoshimura, Y., Matsuzaki, Y., Watanabe, T., Uchiyama, K., Ohsawa, K., Imaeda, K.
(1992). Effects of Buffer Solutions and Chelators on the Generation of Hydroxyl
Radical and Lipid Peroxidation in the Fenton Reaction System. Journal of
Clinical Biochemistry and Nutrition, 13,147-154.

124



Yu H., Huang Q., “investigation of the cytotoxicity of food-grade nanoemulsions in Caco-
2 cell monolayers and HepG2 cells”, Food Chem, Issue. 141, 29-33, (2013).

Zhu L., Glahn, R. P., Yeung, C. K., Miller, D. D., "lIron Uptake by Caco-2 Cells from
Nafeedta and FeSO4: Effects of Ascorbic Acid, Ph, and a Fe(li) Chelating Agent”,
J Agric Food Chem, 54(20), 7924-7928, (2006).

Zhu, L., Glahn, RP., Nelson, D., Miller, DD. (2009). Comparing soluble ferric
pyrophosphate to common iron salts and chelates as sources of bioavailable iron
in Caco-2 cell culture model. Journal of Agricultural and Food Chemistry, 57,
5014-50109.

Zoller H., Theurl 1., Koch R., Kaser A., Weiss G., “Mechanisms of Iron Mediated
Regulation of the Duodenal Iron Transporters Divalent Metal Transporter 1 and
Ferroportin 17, Blood Cells, Molecules, and Diseases, Issue 29(3), 488-497,
(2002).

125



APPENDIX A
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Appendix A. Bovine serum albumin standard curve for Bradford method.
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APPENDIX B

Fe** STANDARD CURVE

y = 0,0325x
R? =0,9999
0 10 20 30 40 50 60

Concentration (ug/mL)

Appendix B. Fe?* (FeS04.7H,0) standard curve for ferrozine method.
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