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Aims and Scope of the Series

Biochemistry, the study of chemical transformations occurring within living
organisms, impacts all of the life sciences, from molecular crystallography and
genetics, to ecology, medicine and population biology. Biochemistry studies
macromolecules - proteins, nucleic acids, carbohydrates and lipids —their building
blocks, structures, functions and interactions. Much of biochemistry is devoted

to enzymes, proteins that catalyze chemical reactions, enzyme structures, mech-
anisms of action and their roles within cells. Biochemistry also studies small sig-
naling molecules, coenzymes, inhibitors, vitamins and hormones, which play roles
in the life process. Biochemical experimentation, besides coopting the methods

of classical chemistry, e.g., chromatography, adopted new techniques, e.g., X-ray
diffraction, electron microscopy, NMR, radioisotopes, and developed sophisticat-
ed microbial genetic tools, e.g., auxotroph mutants and their revertants, fermenta-
tion, etc. More recently, biochemistry embraced the ‘big data’ omics systems.
Initial biochemical studies have been exclusively analytic: dissecting, purifying
and examining individual components of a biological system; in exemplary words
of Efraim Racker, (1913 -1991) “Don’t waste clean thinking on dirty enzymes.”
Today, however, biochemistry is becoming more agglomerative and comprehen-
sive, setting out to integrate and describe fully a particular biological system. The
‘big data’ metabolomics can define the complement of small molecules, e.g., ina
soil or biofilm sample; proteomics can distinguish all the proteins comprising e.g.,
serum; metagenomics can identify all the genes in a complex environment e.g., the
bovine rumen.

This Biochemistry Series will address both the current research on biomolecules,
and the emerging trends with great promise.
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Preface

Iron is a vital trace element for humans, as it plays a crucial role in oxygen transport,
oxidative metabolism, cellular proliferation, and many catalytic reactions. To be
beneficial, the amount of iron in the human body needs to be maintained within the
ideal range. Iron metabolism is one of the most complex processes involving many
organs and tissues, the interaction of which is critical for iron homeostasis. The bone
marrow is the prime iron consumer in the body, being the site for erythropoiesis, while
the reticuloendothelial system is responsible for iron recycling through erythrocyte
phagocytosis. Among the numerous proteins involved in iron metabolism, hepcidin

is a liver-derived peptide hormone, which is the master regulator of iron metabolism.
This hormone acts in many target tissues and regulates systemic iron levels through

a negative feedback mechanism. Hepcidin synthesis is controlled by several factors
such as iron levels, anemia, infection, inflammation, and erythropoietic activity.

In addition to systemic control, iron balance mechanisms also exist at the cellular level
and include the interaction between iron-regulatory proteins and iron-responsive
elements. Genetic and acquired diseases of the tissues involved in iron metabolism
cause a dysregulation of the iron cycle. Consequently, iron deficiency or excess can
result, both of which have detrimental effects on the organism.

This book contains eight chapters divided into three sections on iron, iron metabolism
and iron deficiency and new lines of therapy.

Nowadays, research is increasingly dedicated to the field of iron metabolism, but
countless questions remain unanswered. Increased knowledge of the physiology of
iron homeostasis facilitates understanding the pathology of iron disorders, such as
iron deficiency and iron overload, and leads to improved outcomes.

Marwa Zakaria

Associate Professor of Pediatrics,
Faculty of Medicine,

Pediatric Department,

Zagazig University,

Zagazig, Egypt

Tamer Hassan
Professor of Pediatrics,
Faculty of Medicine,
Pediatric Department,
Zagazig University,
Zagazig, Egypt
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Chapter1
Dietary Iron

Kouser Fivdose and Noor Firdose

Abstract

Iron metabolism differs from the metabolism of other metals in that there is no
physiologic mechanism for iron excretion, it is unusual; approximately 90% of daily
iron needs are obtained from an endogenous source, the breakdown of circulating
RBCs. Additionally humans derive iron from their everyday diet, predominantly
from plant foods and the rest from foods of animal origin. Iron is found in food as
either haem or non-haem iron. Iron bioavailability has been estimated to be in the
range of 14-18% for mixed diets and 5-12% for vegetarian diets in subjects with
no iron stores. Iron absorption in humans is dependent on physiological require-
ments, but may be restricted by the quantity and availability of iron in the diet.
Bioavailability of food iron is strongly influenced by enhancers and inhibitors in the
diet. Iron absorption can vary from 1 to 40%. A range of iron bioavailability factors
that depend on the consumption of meat, fruit, vegetables, processed foods, iron-
fortified foods, and the prevalence of obesity. The methods of food preparation and
processing influence the bioavailability of iron. Cooking, fermentation, or germina-
tion can, by thermal or enzymatic action, reduce the phytic acid and the hexa- and
penta-inositol phosphate content. Thus improving bioavailability of non-haem
iron. This chapter will elaborate the dietary iron sources and means of enhancing
bioavailability.

Keywords: iron, diet, haem iron, non haem iron, bioavailibility, fortification,
biofortification

1. Introduction

Iron has an essential physiologic role, as it is involved in oxygen transportation and
energy formation. The body cannot synthesize iron and must acquire it. Though the
human body recycles and reutilizes iron, it also loses some iron daily; these lost pools
require replacement. However recycling the iron from senescent erythrocytes meets
most of the body’s iron needs by macrophages; only 5-10% of iron requirements come
from food [1].

Iron differs from other minerals because iron balance in the human body is regu-
lated by absorption only and there is no physiologic mechanism for excretion [2].

Haem iron derived from animal sources is better absorbed than non-haem iron
derived from plant sources, whole cereals, whole pulses, and vegetables, particularly
green leafy vegetables, contribute to a significant intake of dietary iron [3].
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Dietary iron bioavailability depends primarily on the availability of iron for
absorption in the GI tract, determined by the physicochemical form of iron in the
lumen of the GI tract, largely dictated by the composition of meals, and secondarily
by an individual’s absorptive efficiency, which depends on physiological require-
ments for iron and homeostatic mechanisms designed to maintain null balance.
Bioavailability factors have been derived based on the balance of enhancers and
inhibitors of iron absorption in diet [4].

Various strategies can be adopted to enhance bioavalibility and to combat iron
deficiency which includes dietary diversification, food fortification, weekly iron and
folic acid supplementation among others [1].

Iron is found naturally in many foods and is added to some fortified food prod-
ucts; recommended amounts of iron can be obtained by eating a variety of foods,
including non-vegetarian food viz. lean meat, seafood, and poultry etc. in addition to
the iron-fortified breakfast cereals and breads, white beans, lentils, spinach, kidney
beans, and peas, nuts and some dried fruits [5].

Food diversification approach designed to increase micronutrient intake through
diet represents the most desirable and sustainable method for preventing iron
deficiency [3].

Reference intakes are used for a wide range of activities, such as planning diets,
formulating complementary foods, setting levels of food fortification, implementing
biofortification programs, and food labeling [4].

2. Types of dietary iron

Dietary iron has two primary forms: haem and non-haem [1, 2, 6]. Haem iron
has a higher bioavailability and is absorbed easier without the need for absorption-
enhancing cofactors (Figure1) [1, 2].

Haem iron is estimated to contribute 10-15% of total iron intake in meat-eating
populations, but, because of its higher and more uniform absorption (estimated at
15-35%), it could contribute 40% of total absorbed iron during iron deficiency to
about 10 percent during iron repletion [7].

Non-haem iron, which is the most important dietary source in vegetarians,
shows lower bioavailability [1, 2]; All non-haem food iron that enters the com-
mon iron pool in the digestive tract, however, it is important to note that not all
fortification iron enters the common pool [2]; 17% of dietary non-haem iron gets
absorbed [1].

Studies shows that, iron bioavailability is estimated to be 14-18% for mixed diet
consumers and 5-12% for vegetarian diet consumers. Thereby, less than one-fifth of
the dietary iron gets absorbed by the body [1].

Iron absorption in humans is dependent on physiological requirements, but may
be restricted by the quantity and availability of iron in the diet [8]. Body absorbs
iron from plant sources better when eaten with meat, poultry, seafood, and foods
that contain vitamin C, like citrus fruits, strawberries, sweet peppers, tomatoes, and
broccoli [5].

The diets of omnivores contain relatively small quantities of haem iron derived
from meat and fish, which is always well absorbed [7, 8]. The remainder of the
soluble iron forms a common non-haem iron pool and absorption is very variable,
depending on meal composition, but its absorption is strongly controlled by iron
stores [8].
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Figure 1.
Types of iron.

3. Sources of iron
3.1 Non-haem sources of iron

High nutrition benefits of coarse cereals point to the need for an increase in their
consumption and even higher production (Figure 1a).

Top five pulses with respect to iron content are horse gram dal, soybean, moth
beans, lentil (whole), and Bengal gram (whole). Horse gram dal, soybean, and moth
beans provide as much as twice the iron in comparison to green gram dal and red
gram dal. Arhar and moong, though lowest in iron content.

Bajra, ragi, rice flakes (poha) wheat flour, and jowar provide a higher amount of
iron than maize and rice. Rice has the lowest iron content.

Green leafy vegetables are considered to be rich sources of iron and calcium. For
example, beet greens, pumpkin leaves, colocasia leaves, and radish leaves having very
high-iron content is usually not consumed by people and rather discarded as waste.
There are others such as curry (8.7 mg/100 g), mint (8.6 mg), parsley (5.5 mg), cori-
ander (5.5 mg), and drumstick (4.6 mg) though high in iron content, are consumed
either less frequently or in small quantities. Greens like spinach, mustard leaves, and
bathua leaves though popular are those with the least iron content [3].
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Some of the nuts and oilseeds such as gingelly seeds (14.9 mg), mustard seeds
(13.5 mg), cashew nuts (5.9 mg) and almond (4.5 mg), are fairly rich sources of
dietary iron. Most of the fruits and vegetables, except lotus stem (3.3 mg iron/100 g),
are a poor source of iron.

Jaggery, though rich in iron (4.6 mg iron per 100 g), is usually consumed in small
amounts. Promoting traditional Indian snacks like gur chana or tilbugga prepared
from jaggery and Bengal gram or gingelly seeds can contribute to significantly higher
intake of jaggery and thus iron [5, 7].

3.2 Haem sources of iron

Among poultry, chicken liver is the richest source of iron (9.9 mg/100 g) followed
by duck meat (4.3 mg/100 g) (Figure 2b).

Organ
Meat, Lean
Mutton,
Beef, Fish,
Ostrich,
Poultry

Figure 2.
a. Sources of non-heme ivon. b. Sources of heme iron.
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Animal meat, particularly liver and spleen, is very rich source of iron.

Boiled egg yolk is rich in iron as compared to egg white.

Fish on the contrary are not a very good source of iron [3].

Iron is present in a variety of foods, so eating a varied and healthful diet is
important. Since Vitamin C enhances the absorption of iron, eating iron rich foods
along with a source of vitamin C (citrus fruits and juices, etc.) can help replenish
your body’s iron stores. Nevertheless, iron may be absorbed into foods that have been
cooked in iron cookware [9].

Common sources of Iron are depicted in Table 1.

* Iron contamination: For cooking, sometimes an iron skillet is a utensil used for
cooking vegetables and other food to increase iron content in that food. Such
a source of contaminated iron is sometimes practiced in some regions of the
world [1].

Common Sources of Vitamin C are depicted in Table 2.

Victuals Portion size (approx.) Amount of iron
Haem sources

Beef liver 85g 52mg
Beef-ground 85g 22mg
Canned clams 85g 23.8 mg
Chicken breast 8g 11mg
Chicken liver 8¢g 10.8 mg
Fish, tuna canned 8g 1.3mg
Lamb 85g 3.0 mg
Large egg 1 1.0 mg
Oysters 85g 13.2mg
Pork 8g 2.7 mg
Sirloin streak 250 ¢g 1.6 mg
Shrimp 8g 26mg
Salmon 100g 128 mg
Tofu 100g 8 mg
Turkey, dark meat 8¢g 2.0 mg
Turkey,light meat 85g 11mg
Non haem sources

Greens/veggies:

Beets, canned 64g 15mg
Brussel sprouts 64g 2.0 mg
Collards or beet 64g 1.2 mg
Dried thyme 5g 1.2 mg
Greens 125g 22 mg
Mushrooms 64g 14 mg
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Victuals Portion size (approx.) Amount of iron
Peas, frozen 64g 1.2mg
Potato, baked with skin on Medium size 19 mg
Swiss chard 64g 2.0mg
Spinach cooked/raw 64¢g/128¢g 3.0 mg
Sweet potato, baked with skin on Medium size 11mg
Sauerkraut, canned 64g 17 mg
Tomato Sauce 64g 13mg
Nuts

Almonds or pistachios 32g 13mg
Walnuts 8g 1.0 mg
Dried peaches 64g 1.6 mg
Dried raisins 64g 14 mg
Dried plums 64g 13mg
Dried apricots 64g 12 mg
Pine or cashews 8¢g 1.6 mg
Prune juice 125¢ 32mg
Strawberries 1 pint 1.5mg
Beans:

White 100g 58g
(Black, pinto) 64g 1.6-1.8 mg
(Kidney, lima) 64g 26-39 mg
Soybeans 64g 44 mg
Tofu, firm 64g 34mg
Chickpeas 100 g 24 mg
Double beans (cooked) 125¢g 4.5mg
Tomato (sun dried) 125g 49 mg
Soy milk 300 ml 2.7mg
Quinoa 125¢g 2.8 mg
Kale 125¢g 11mg
Grains:

Lentils 64g 3.5mg
Pumpkin seeds 28g 4.2mg
Cereal 64g 2-12mg
Cream of wheat 64g 5.2 mg
Oat meal 64g 17 mg
Oatmeal 64g 5.0 mg

Instant fortified with iron

Table 1.
Sources of iron [9, 10].
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Fruits Vegetables
Amla, Amaranthus
Cashew fruit, Agathi
Guava, Brussels
Lakuch, Carrot
Korukkapalli, Coriander
Papaya, Cabbage
Lime, sweet (Malta) Drumstick,
Musambi, Fetid cassia,
Lemon, Knol-khol radish,
Muskmelon Turnip,
Orange Parsley
Pineapple *Sprouts are richer source of ascorbic acid.
Ripe tomato
Zizypus

Table 2.

Sources of vitamin C [7].

4. Bioavailability: dietary iron absorption

The bioavailability of dietary iron is the proportion of iron that is actually avail-
able for absorption and utilization by the body (Figure 3) [11]. In humans, haem
iron is well absorbed and its absorption varies little with the composition of the meal.
Absorption is inversely related to the quantity of iron stores in the body [6].

4.1 Factors influencing dietary iron absorpion

4.1.1 Haem iron absorption

Iron status of subject: absorption ranges from 15 to 25 percent in normal subjects

and 25-35 percent in iron-deficient subjects.

Amount of dietary haem iron, especially from meat
Content of calcium in meal (e.g. milk, cheese)

Food preparation (time, temperature): Baking and prolonged frying have been

shown to reduce haem iron absorption by about 40 percent.

4.1.2 Non-haem ivon absorption

* Iron status of subject: The absorption of non-haem iron ranges from 2 to 20
percent. Severely iron-deficient individuals absorb non-haem iron at higher rates
than those with normal iron levels. Absorption was shown to be the highest (5-13

percent) in pregnant anemic women.

* Concomitant diet: The specific rate of absorption of non-haem iron is highly
dependent on the effect of concomitantly ingested dietary components (reducing
substances such as ascorbic acid keep iron in the reduced ferrous form) and the

amount of body iron stores.
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Iron bioavailability

Ingested

Absorbed Food composition
—
— e |
Asicum acy. Lo
Vv ey )
Utilized, o
stored or Food combinations
within meals
recycled
A

Figure 3.
Iron bioavailability.

* Food preparation (time, temperature): Cooking of cereals and pulses was shown
to cause a loss of 22-24 percent of their iron, however, baking chapatti on an iron
plate raised the iron content by 19 percent.

* Fermentation can degrade the phytate and increase the bioavailability of iron in
bread made from whole wheat flour.

* Household processes such as germination, malting of grains/pulses and fermen-
tation should be used to over come phytates and enhance the ascorbic acid and
B-vitamins.

* Amount of potentially available non-haem iron (adjustment for fortification iron
and contamination iron).

4.2 Factors effecting bioavailibility

Many different dietary components either enhance or inhibit dietary iron absorp-
tion when they are simultaneously present in the diet [1]. The bioavailability of food
and dietary iron is influenced by certain factors, some of which are briefly described
below [6].

4.2.1 Enhancers

Iron Absorption Enhancers foods are those, when you eat them together with a
natural source of iron or an iron supplement, they help aid body’s ability to effectively
absorb the iron into body system [1]. There’s no point in ingesting iron if the body
cannot absorb it [10].

1. Meat/fish/poultry—these are also sources of the most potent form of iron
(haem iron)
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2.

3.

Acidic fruits—oranges/orange juice /cantaloupe/strawberries/grape fruit etc.

Vegetables—broccoli/brussels, sprouts/tomatoes/tomato Juice/potatoes/green
and red peppers etc. [6, 10]

4.Fermented vegetables (e.g. sauerkraut), fermented soy sauces, etc. [6]

4.2.1.1 Mechanism

11

1. MFP Factor: It is a peptide present in meat, fish, and poultry. It enhances the

absorption of non-haem iron present in the same meal. The detailed underlying
mechanism is still not known. However, evidence suggests that cysteine-containing
peptides present in the meat act by inhibiting luminal inhibitors and eventually
form luminal carriers for iron transportation.

* Studies consistently showed an enhanced effect on vegetarian iron absorption
by 2-3-fold by adding animal proteins.

2. Ascorbic Acid (Vit C): This effect is mainly due to its iron-chelating and reducing

abilities, converting ferric iron to ferrous iron, which has higher solubility and
better absorption by 75-98 percent. The addition of ascorbic acid to cereals and
pulses enhanced the available iron. [6] Vitamin C also has been shown to have an
inhibitory effect on iron absorption inhibitors such as phytate, polyphenols, and
calcium. Studies have convincingly shown the dose-dependent enhancing effect
of natively present or added vitamin C on iron absorption [1].

* The comprehensive review has shown that a food source containing 50 mg of
ascorbic acid consumed with the main meal providing most of the daily intake
of iron enhances iron bioavailability significantly.

Examples
Meat, fish, poultry

The addition of 90-100 g of meat, fish or poultry to the daily diet, significantly
improves the bioavailability of iron. Meat and fish taken even in small amounts
markedly improve the bioavailability of non-haem iron.

A non-vegetarian diet containing 3 oz. (approximately 85 g) of meat provides the
same increase in non-haem iron absorption as 75 mg of ascorbic acid

Eggs are rich in iron content, but its bioavailability is poor. However, as a source
of iron, eggs should be eaten along with a fruit or any other source containing
100 mg of ascorbic acid, or between meals [6].

Vitamin C

* In cereal-based diets, absorption was the best for rice and vegetable combina-

tions, which may result from ascorbic acid present in the vegetables. Children
who consumed GLV once a week or more frequently had higher iron levels than
non-consumers.
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* Daily intake of guava fruit with the two major meals by young anemic women

shows significant increase in iron.

* Inregional meals, the addition of citrus fruit juices or a portion of potato,

cauliflower or cabbage increases iron availability markedly [6].

o If 25 mg of ascorbic acid as lemonade is consumed at two meals a day, it doubles

the absorption of iron from a meal and improves the iron status [6].

* The enhancing effect of ascorbic acid is dose-dependent, but little extra benefit

is derived by increasing the intake of ascorbic acid beyond 100 mg in a meal. The
influence of ascorbic acid is greatest on meals with low iron bioavailability, such as
vegetarian meals [6]. It also improves the availability of iron from fortified foods.

4.2.2 Inhibitors

The following are Iron Absorption Inhibitors. i.e. when you have them together

with a source of iron, they will either inhibit (limit) or prevent your body from
absorbing the iron, you ingested, these foods should be avoided when taking iron rich
foods in diet. This also includes any supplementations.

1. Coffee and tea [6, 10] cocoa, certain spices, certain vegetables and most red
wines. (Iron-binding phenolic compounds) [6]

2. Vegetables—spinach*/chard/beet greens/rhubarb/sweet potatoes whole grains

and bran [6, 10].

3.Bread made from high-extraction flour, breakfast cereals, oats, rice [especially
unpolished rice], pasta products, cocoa, nuts, soybeans and peas

4.Calcium (e.g. milk, cheese) [6].

5.Isolated soy ingredients—products made with soy flour and isolated soy protein
concentrate [6, 10].

4.2.2.1 Mechanism
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* Phytates: they are known inhibitors of non-haem iron absorption [10]. Food

sources high in phytates include soybean, black beans, lentils, mung beans, and
split beans. Unrefined rice and grains also contain phytate [1]. Phytates can
decrease non-haem iron absorption by 51-82 percent, and are found in higher
concentrations in unrefined, non- or under-milled cereals than in refined, milled
cereals [6].

* Polyphenols: they are commonly found in tea as tannic acid and also in red wine

and oregano. They inhibit non-haem iron by binding within the intestine [1, 6, 10].

* Calcium: calcium has been found to have an inhibitory effect on both haem
and non-haem iron absorption. Its exact mechanism is unclear [1, 6]. The first
40 mg of calcium in a meal showed no inhibiting effect, whereas 300-600 mg of
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calcium inhibited iron absorption by 60 percent, which is the maximum inhibi-
tion of iron. Studies showed that about 30-50 percent more iron was absorbed
when no milk or cheese was served with the main meal, which provided most of
the dietary iron [6].

Examples

* Approximately 250 ml of black tea can inhibit non-haem iron absorption by
approximately 50 percent even when drunk 1 hour after consuming the meal;
however, it has no effect when consumed between meals. This inhibition is
strongly dose-related, which can be reduced to some extent by serving tea with
lemon or adding sufficient milk (100 ml) to the cup of tea [6].

* Iron absorption is affected less by coffee than tea.

* To overcome the inhibitory effects, tea or coffee should not be consumed with
the main iron-containing meals [6].

* Milk is better to be avoided with the main meals that contribute most of the daily
iron intake, however it can be taken at breakfast, in the evening or at bedtime.
Milk intake may be increased to as much as 400 ml per day provided it is distrib-
uted as suggested.

* The high iron availability of breast milk, which averages 50 percent (compared to
10-20 percent in cow’s milk), is reduced when breast milk is taken together with
cow’s milk or weaning foods. Hence weaning foods are recommended to be given
separately from the breast milk [6].

* Spinach is a good source of iron, too, but it is best to cook the spinach first—it
unlocks much of the iron potential for it.

* Practical solutions for the competition of calcium with iron is to increase iron
intake, increase its bioavailability or avoid taking calcium and iron-rich foods at
the same time [6].

* The presence of carotene in rice-, wheat- and corn-based diets improved iron
absorption from one to more than threefold suggesting that both ascorbic acid
and carotene prevented the inhibitory effect of phytates on iron absorption [6].

Dietary factors that influence iron absorption, i.e. enhancers and inhibitors, have
been shown repeatedly to influence iron absorption in single-meal isotope studies,
whereas in multimeal studies with a varied dietary factor, the effect of single compo-
nents have been, as expected, more modest [2].

The iron status of the individual and other host factors, such as obesity [2] and
medical problems like malabsorptive disorder, Celiac disease, Crohn’s disease and
those with history of gastric bypass surgery interferes with iron absorption, play
a key role in iron bioavailability, and iron status generally has a greater effect than
diet composition. Hence to develop a range of iron bioavailability factors based not
only on diet composition but also on subject characteristics, such as iron status and
prevalence of obesity is the need of the time [1].

13
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Strategies to improve iron bioavailability.

The bioavailability of iron differs in various food sources depending on the types
of dietary iron and the presence or absence of iron absorption enhancers or inhibitors
among others (Figure 4) [2, 11].

5. Fortification

Food fortification is the addition of micronutrients at the point of manufacture to
enhance the nutritional content of the food items, such as meal ingredients or condi-
ments [12].

Fortification is a medium-to-long-term approach that requires a suitable food
vehicle and organized processing facilities. About 34 current evidence indicates that
food fortification is an effective and cost-effective strategy for reducing the prevalence
of iron deficiency. [8, 13, 14] providing extremely good value, with its benefits far
outweighing the costs [13] in populations that consume diets containing suboptimal
quantities of bioavailable iron [9] and WHO/FAO recommends that the level of fortifi-
cation is based on the estimated daily iron intake deficit adjusted for bioavailability [8].

Since iron-deficiency anemia is a main indicator of micronutrient deficiencies,
one of the safest strategies available to reduce the risk of iron deficiency is fortifica-
tion with low doses of iron homogeneously diluted in a larger mass of food remains.
These considerations are important in the context of the United Nations Sustainable
Development Goals, alongside the several servings of iron per day. Unlike supple-
mentation, iron fortification at the point of manufacture enables the delivery of
small doses of the micronutrient in a food vehicle. It is slower to raise body iron levels
compared with iron supplementation or iron therapy, but it might be safer [8].

Iron fortification can be done through staple food items such as rice, oils, and
wheat; condiments such as fish sauce, soy sauce, lentils (Figure 5) [15], salt and
sugar; and lastly through processed commercial food items, including infant
complementary foods, dairy products, and noodles.
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Compared to supplements, the use of fortified complementary foods has been
shown to be safer and more effective, since the limitations associated with supple-
mentation includes the need to purchase iron supplements and the need for a higher
degree of treatment compliance [13]. The high compliance to fortification is due to
the ease of substitution of unfortified staples with fortified foods 34.

Iron salts recommended by WHO for fortification include ferrous sulphate,
ferrous fumarate, ferric pyrophosphate, and electrolytic iron powder [2, 13].

The WHO drew up Guidelines for food fortification which included fortification
with iron [14]. In a recent directive, the WHO and partner organizations, while pro-
viding guidance on national fortification of wheat and maize flours, have endorsed
NaFeEDTA to be the only Fe fortificant suitable for use in high-extraction flours [16].

Wheat is currently the primary staple food for nearly one-third of the world’s
population. NaFeEDTA protects iron from the phytic acid present in foods by bind-
ing more strongly to ferric Fe at the pH of the gastric juice in the stomach and then
exchanging the ferric Fe for other metals in the duodenum as the pH rises [12]. It
is 2- to 4-fold more bioavailable than ferrous sulfate, particularly in meals with a
high-phytate content, thereby making it ideal for use in whole wheat flour [16].

Many research studies were undertaken globally on food fortification with iron;
with wheat flour fortification the evidence for reducing iron deficiency among women
in reproductive age (WRA) is consistent but on reducing anemia is limited [14].

The three reviews wherein multiple vehicles and various iron sources including
electrolytic iron have been used concluded that consumption of iron fortified foods
results in:

1. Improvement in weighted mean difference (WMD) in Hb of 0.42 g/dL, increase
in serum ferritin of 1.37 pg/L and reduced risk of being anemic and iron deficient
in children;
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2.Improvement in standardized mean difference (SMD) in Hb of 0.55 and 0.64 g/dL,
serum ferritin of 0.91 and 0.41 pg/L and reduced risk of being anemic RR 0.55 and
0.68 in children <15 8 years and WRA, respectively;

3.Improvement in WMD in Hb of 0.51 g/dL in children <10 years [14].

Efficacy of NaFeEDTA, as a fortificant has also been demonstrated in food vehicles
such as curry powder, sugar, fish sauce, and maize flour [11, 13, 14, 16].

Salt: The National Institute of Nutrition had developed a technology for fortifi-
cation of salt with iron and extensively tested its safety and efficacy. Fortification
standards were formulated to provide 1 mg of iron (and 15 pg of iodine) per gram of
salt which provides about 30-60% of RDA of 17 mg of an adult man consuming 5-10
g salt per day (FSSAI) [14].

Fortification of salt with iron is preferred because it requires only a relatively small
volume of the food stuff to be fortified, unlike fortification of cereals. Currently
iodisation of salt is nearly universal and using this platform it will be possible to scale
up production, distribution and marketing of DFS. Double fortified salt-Iron fortified
Iodized salt (providing about 10 mg of iron/day).

The studies on impact of fortified salt with three types of technologies (FeSO,4, 13
encapsulated ferrous fumarate and ferric pyrophosphate) showed,;

1.improvement in SMD of Hb of 0.44 g/dL and ferritin 0.62 pg/L,

2.anemia risk reduction ratio of 0.16 and IDA 0.20 [14].

Since haem iron is readily bioavailable, there have been some instances of the use
of meat-derived products in packaged food as fortificants [12].

Iron fortification is not a standalone strategy to correct iron deficiency. There is
aneed to improve dietary diversification especially consumption of vitamin C rich
fruits along with meals so that iron bioavailability is improved [14]. Point-of-use for-
tification employs micronutrient powders in the form of packed, single-dose sachets
that can be added to prepared food to improve its nutrient value [12].

5.1 Benefits of iron fortification

Food fortification offers many health benefits.
1.Iron fortification in children led to improvement in iron and hemoglobin status.

2. Hemoglobin levels significantly increased by 6.2 g/L and the risk of anemia was
50% lower in children receiving fortified milk or infant cereals [13]. Use of forti-
fied milk and cereal-based products are more effective in reducing anemia in young
children in developing countries, compared to the use of non-fortified products.

3. Cereal flour fortification with Fe is the most cost-effective and sustainable way
to improve its status in deficient populations [16].

Food-fortification practices vary nationally and the need to adjust the dietary iron

bioavailability factor for fortification iron will depend on the proportion of fortifica-
tion iron in the total iron intake and the iron compounds used [13].
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Iron compounds used for the fortification of foods will only be partially avail-
able for absorption. Once iron is dissolved, its absorption from fortificants and food
contaminants is influenced by the same dietary factors [7].

Bioavailability of fortification iron varies widely with the iron compound used,
and foods sensitive to color and flavor changes are usually fortified with water-insolu-
ble iron compounds of low bioavailability [2].

6. Biofortification: iron bio-fortified crops

Biofortification involves the targeted breeding of staple food crops in order to
increase their intrinsic content of micronutrients, including iron. By combining
traditional breeding with modern techniques, biofortification blends the traits of
high-yield crop varieties with high iron varieties (Figure 6) [12, 17].

The levels of iron for wheat and rice fortification is similar and permit additions
ranging from a minimum of 33% to a maximum of 100% of RDA of 17 mg [14].

The use of biofortified crops address micronutrient deficiencies by enriching the
staple food items that constitute the main portion of the diet. Iron biofortification is
applicable to cereals like wheat, rice, and millet [12, 14] and to pulses like beans, peas,
and lentils [12].

Dietary modification _ Iron supplementation
or diversification or food fortification

Agronomic intervention Plant breeding Genetic engineering
Increase iron Increase prebiotics Decrease Antinutrients
concentration concentration concentration

Figure 6.
Biofortification.
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Therefore, even very small amounts of micronutrients could have a positive
impact over time. Secondly, if biofortified crops also possess excellent agronomic
characteristics, a self-sustaining public health intervention will result because farmers
will favor such crops.

Iron-biofortified millet contains higher concentrations of iron. Iron levels in this
type of millet reaches 90 ppm, whereas levels in nonbiofortified millet are around
20 ppm. Several studies indicate that regular intake of biofortified millet can be
efficacious against iron deficiency [12].

A pearl millet variety was studied among 12-16 year adolescent girls consum-
ing 200-300 g of pearl millet during lunch and dinner for 4 months revealed the
following:

a.There was no difference in Hb
b.Ferritin increased significantly and
c. Positive impact on cognitive function [14].

Biofortified pulses, containing 100 ppm or more, have the highest concentra-
tions of iron. Several studies have examined the bioavailability or efficacy of iron in
biofortified beans consumed in developing countries; though phytic acid is present in
beans, a high proportion of the iron is contained in phytoferritin. Iron from ferritins
has been shown to be highly bioavailable [12].

7. Conclusion

The overall intake of iron from iron rich foods together with Vitamin C needs to
be increased to obtain the optimum level of recommended dietary allowance of iron.
This increase should be merged with efforts to cartel appropriate foods in the diet
to enhance the bioavailability of iron and reduce inhibitory factors. Even without
the haem iron found in fish or poultry, vegetarians are not at greater risk from iron
deficiency than non-vegetarians. Cereals and millets, pulses and legumes, Green
Leafy Vegetables, nuts and oilseed are good sources of iron.

The food combinations should be designed on the basis of foods that are normally
consumed, accustomed, locally available and low-cost; comprising enhancing factors
and limiting inhibitors to the extent possible and providing an overall balanced diet
to provide all the major nutrients required by the body. In addition, combinations and
proportions of foods on the basis of the factors influencing dietary iron absorption, a
balanced diet has to be calculated.

Dietary consumption of iron and ascorbic acid could be increased by encourag-
ing the production, processing, marketing and consumption of foods rich in these
nutrients. Vitamin C-rich foods must be consumed at the same meal that contributes
the major part of daily dietary iron.

Nutrition education could be a means for further promotion of dietary iron.
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Iron in Cell Metabolism and
Disease

Eeka Prabhakar

Abstract

Iron is the trace element. We get the iron from the dietary sources. The
enterocytes lining the upper duodenal of the intestine absorb the dietary iron
through a divalent metal transporter (DMT1). The absorbed ferrous iron is oxidized
to ferric iron in the body. This ferric iron from the blood is carried to different tissues
by an iron transporting protein, transferrin. The cells in the tissues take up this ferric
form of iron by internalizing the apo transferrin with its receptors on them. The
apo transferrin complex in the cells get dissociated resulting in the free iron in cell
which is utilized for cellular purposes or stored in the bound form to an iron storage
protein, ferritin. The physiological levels of iron are critical for the normal physiol-
ogy and pathological outcomes, hence the iron I rightly called as double-edged
sword. This chapter on iron introduces the readers basic information of iron, cellular
uptake, metabolism, and its role cellular physiology and provides the readers with
the scope and importance of research on iron that hold the great benefit for health
care and personalized medicine or diseases specific treatment strategies, blood
transfusions and considerations.

Keywords: iron, micronutrient, cell absorption, homeostasis, iron deficiency,
iron overload, diseases

1. Introduction

Iron is a chemical element with symbol Fe and atomic number 26 (Figure 1).
Classified as a transition metal, iron is a solid at room temperature. The symbol
“Fe” is derived from the Latin ferrum for “firmness”, iron exists in many different
forms in nature. Iron makes up 5% and the chief constituent of earth’s crust. It is
the second abundant metal on earth and is most abundant as an alloy. Although its
most abundance, it is required in very small amounts and hence is also called a trace
element. The readers should also appreciate the meaning of “trace” here, in other
sense that its trace amounts are very critical, and any more amounts of this element
is as dangerous as its normal functions in the cell. Hence, the iron is called to be a
double-edged sword [1]. Iron is a metal which belong to the transition metals group
or VIIIB elements group of periodic table (Figure 2). Iron exists in different forms in
nature [2]. The pure metal is very reactive chemically and rapidly corrodes, especially
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Periodic table of elements representing element properties and their categories based on the similarities in
physicochemical properties and atomic number.

in moist air or at elevated temperatures. It has four allotropic forms or ferrites, known
as alpha, beta, gamma, and omega, with transition points at 700, 928, and 1530C.
The alpha form is magnetic, but when transformed into the beta form, the magnetism
disappears although the lattice remains unchanged. The relations of these forms are
peculiar. Pig iron is an alloy containing about 3 percent carbon with varying amounts
of sulfur, silicon, manganese, and phosphorus [3].

Iron is a hard, brittle and can molded into many different forms. Iron is used to
produce other alloys, including steel. It is the cheap, abundant, useful, and important
metal. Wrought iron contains only a few tenths of a percent of carbon, is tough, mal-
leable, less fusible, and usually has a “fibrous” structure. However, Carbon steel is an
alloy of iron with small amounts of Mn, S, P, and Si. Alloy steels are carbon steels with
other additives such as nickel, chromium, vanadium, etc.
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2. Iron in cellular milieu (forms, states, and importance)
2.11Iron forms

Cell is the structural and functional unit of life which performs many different
physiological and biochemical processes that are essential for the survival of an
organism, either unicellular or multicellular. The cells depend on food, essential
micro and macro nutrients, vitamins, etc., to perform these biochemical processes
in the tissues and organs of the body, and iron is one such essential requirement for
cellular processes [4]. Living beings acquire the iron from the surrounding environ-
ment either by consumption (animals) or by absorption (prokaryotes, plants, fungi
etc.,). The iron absorbed or taken through food exists in two important forms in
the biological systems, the highly insoluble oxidized nonabsorbable form, Fe3+ and
the readily absorbable reduced soluble form, Fe2+ [5]. These two forms also exist as
free and bound forms and the levels of free and bound form is very critical for the
normal functioning of the cells, opportunistic pathogen infections and the physi-
ological state of cells or the iron related diseases of the organism [6-8]. For example,
higher levels of free iron can help in bacterial infection and survival as in the case of
Mycobacterium Tuberculosis [9] or the hemochromatosis (iron overload, a condition
where body stores too much of iron which cause serious damage to the vital organs)
[10]. The different optimum levels of iron in the body are illustrated in the Figure 3.
So, the reduced Fe2+ form is the form that the cells can take up from the blood and is
transported to many tissues where it is required [11]. The excess iron in the blood is
absorbed by the cells and tissues is stored in the tissues or cells in a bound form, mean-
ing that the iron is either incorporated into the enzymes, as cofactor, or can be stored
in the tissues and cells in the body by special proteins called “Ferritins”, or transported
to the cells in bound form to iron transporters in the cells called “Transferrin” [12, 13].
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Absorption of iron, transport, and the levels in the body. (vef. adapted from Jiten P Kothadia et al., 2016).
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2.2 Levels and the distribution of iron in the body

The levels of iron in the blood, body tissue, and its distribution are very critical
for the proper function, physiology, immune functions, and the determinant of the
opportunistic infections in the body [14-16]. Hence, the levels of iron are critically
regulated by the body tissues and cells. Here we shall investigate different levels and
the distribution of iron, which control the tissue or the cellular absorption of the iron,
by looking at the levels of iron in different tissues and the absorption of iron in human
beings [17]. The normal levels of iron in the body are approximately 35 and 45 mg/kg
body weight in adult women and men. Of the total iron we get form the food, about
60-70% is present in hemoglobulin in circulating RBCs, 10% is present in myoglobins
(hemoglobin in the muscle), cytochromes, and iron containing enzymes accounting
for not more than 4 mg-8 mg [18]. In healthy individual, 20-30% of iron is stored in
the ferritins (an iron storage protein) and hemosiderins (iron acquisition protein) in
hepatocytes and reticuloendothelial macrophages as shown in the Figures 4 and 5.
Transferrin, another iron holding protein in the body, contains less than 1% (approx.
4 mg) of the total iron stores of the body and has the significant and highest turnover
(25 mg/day). Transferrin transports 80% the iron in its bound form to majorly to the
bone marrow for synthesis of hemoglobin in the development erythrocytes (Ibrahim
Mustafa, 2011, Ph.D. thesis, http://hdl.handle.net/2429/36590) Thus, it transports the
iron from blood to the bone marrow regularly and hence its high turnover. Most of
the cellular iron is obtained from the dead RBCs and the iron released into the blood
by reticuloendothelial cell macrophages in the liver where the senescence red blood
cells are degraded after the completion of 120 days lifespan. So, the iron from the
blood is regularly transported to all the tissue types or organelles by the transferrin
molecules to deliver to the iron metalloprotein in those tissues. For example, the iron
transported to mitochondria is incorporated into protoporphyrin IX, an important
component of oxygen transport during oxidative phosphorylation. The iron which

Dietary iron sources
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is lost due to wear and tear of the tissues and regularly during menstrual bleeding in
females is replenished from the from dietary iron.

Iron is critical for oxygen transport and one of the most abundant metals in the
human body, plays an important role in cellular processes such as the synthesis of
DNA, RNA, and proteins that hep in the electron transport, cellular respiration, cell
proliferation, differentiation, and regulation of gene expression [19]. Iron metabo-
lism takes place in brain, testes, intestine, placenta, and skeletal muscles and high
levels of iron is found in liver, brain, red blood cells, and macrophages [20]. Thus, the
iron homeostasis is critical for the proper functioning of these organs and the altered
levels results in the tissues results disturbed tissue functions and/or pathological or
clinical conditions [11, 17]. Hence, it is very critical even during the blood transfusion
to consider the levels of iron whether it is in bound or free form [21].

2.3 Iron transport in the cells

The dietary iron exists in two different forms, a haem form found in animal source
foods which is the F2+ iron complexed with organic compounds and a non-haem
form present in plant foods which is also called inorganic form. The non-haem iron
or the Fe3+ iron is the major form of dietary iron, and this iron is not absorbed by
the cells in the body, meaning that this Fe3+ needs to be reduced to Fe2+ to be taken
up by the cells. This reduction is carried out the enzyme, ferric reductase also called
ferric reductase duodenal cytochrome B (DCYTB or CYBRD1), which is found on
the apical brush border membrane of intestinal epithelial cells in the duodenum and
upper Jejunum [12]. The reduced Fe2+ is now transported or taken up by the apical
surface of enterocytes lining the duodenal surface with the help of a 12 transmem-
brane divalent metal transporter proteinl (DMLT1). The Fe2+ iron transported to the
enterocytes enters systemic circulation from the basolateral surface of the cells by the
only known iron transporter, ferroportin another 12 transmembrane protein encoded
by the Solute Carrier Family 40 Member 1(SLC40A1) gene. This transporter is also
expressed in other cell types, particularly macrophages where it is highly expressed
thus serves as iron uptake machinery which is utilized by the Mycobacterium
Tuberculin during tuberculosis infection. Ferroportin also helps in the release of iron
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form the stores from the hepatocytes assisted by the cupper containing ferroxidase
enzyme ceruloplasmin or the membrane bound counterpart hephaestin, a membrane
associated ferroxidase in the intestine (Figure 6). The enzymes oxidize the iron from
Fe2+ form to Fe3+ form before it binds to transport protein transferrin which trans-
ports the iron to different tissues from the blood which will be discussing in the iron
uptake by the cells or tissues [12].

3. Iron metabolism in cells (uptake, storage, transport, and component
of cellular macromolecules)

Iron that is transported or absorbed into the system circulation is bound to the
transporting protein, transferrin, present in the blood. Transferrin as the name suggests
transfers the iron to all the tissues in the body. Iron also exists in the blood as non-
transferrin bound form, especially when the serum levels iron is high, and the transfer-
rin is completely saturated during hereditary haemochromatosis (HH) or any other iron
overload conditions such as cancer, irregular heartbeat, and cirrhosis of the liver [22].

3.1 Uptake of iron by the cells

The transferrin bound iron in the blood is taken by the cells and tissues in the body.
The transferrin along with its bound iron (holotransferrin) binds to the transferrin
receptorl (TFR1) that is expressed ubiquitously on the cell surfaces. The complex of
iron-tranferrin-TFR1 is endocytosed by the cells. The endocytosed vesicles in the cell
are acidified resulting in the opening of the DMT1 present in the vessels that releases
the iron into the cells. The vesicle with the transferrin-TFR1 complex is recycled back
to the membrane of the cells where it is reincorporated and thus the transferrin is
released into the blood is available for the next round of iron transport basing on the
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levels iron in the blood. Iron is also transported to the cells through non-transferrin
bound means as non-transferrin bound Iron (NTBI) which involves the zinc trans-
porter ZRT/IRT-like protein 14 (ZIP14) a member of the SLC39A zinc transporter
family. The iron that is transported to the cells and tissues is used for the cellular func-
tions such as oxygen transport in RBCs by complexed with hemoglobin and myoglo-
bin, cofactor for enzymes which are majorly involved in oxidation reduction reactions
or stored as iron pools to serve the cell requirements when needed [5, 13].

3.2 Storage of iron in the tissues

Liver is the major site for iron storage in the body. The excess iron in the cells is
stored in the iron storage proteins which contains iron holding pockets thousands
in number to hold the iron. The iron storage proteins in the cells are ferritin and
hemosiderin. Ferritin is the major iron storage protein at the cellular and organismal
level. It stores 30% of the total storage iron in the cells and thus also sequesters the
very reactive toxic fe2+ iron that generates reactive oxygen species (ROS) by Fenton
reaction or subsequent reaction in the body. Ferritin is a spherical shell made up of
24 subunit proteins and has a centrally located iron holding cavity which can accom-
modate 4500 iron molecules in the Fe3 (III) complexed state. In this iron bound form
ferritin not only stores the iron but also regulates the iron levels in the tissues by slow
release (Figure 7). Hemosiderin is another protein which stores the iron in cells and
tissues in the body. It is an iron storage complex of digested ferritin and lysosomes.
Hemosiderin also forms when the ferritin is completely saturated with iron, the excess
iron in the cells and tissues forms complex with phosphate and hydroxide forms.

E—

Apo ferritin ‘ ferritin

Fenton Reaction‘D D ed OH +
\__/ Hydroxyl free radicals

Haber-Weiss Reaction
Oxygen free radical

Figure 7.

Structure of ferritin and storage of ivon. Fenton reaction to of generation of reactive of reactive oxygen species-
ferritin sequesters excess iron and prevents in generating ROS. (vef: Antioxidants ¢ Redox Signaling VOL. 10,
NO. 6 ).
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However, if the body burden of iron increases beyond normal levels, excess hemosid-
erin is deposited in the liver and heart. This can reach the point that the function of
these organs is impaired, and death ensues [23].

3.3 Iron as a component of cellular macromolecules

About 95% of the total dietary iron in the cell of the body is in the bound form
to proteins (about 95%) either in the cell cytosol or compartmentalized in different
cell organelles. The rest 5% is available in form of free form represented as a cytosolic
labile iron (LCI) or the labile pool iron [24]. This labile pool is, though very less, is
the major for most of the deleterious effects in the body as it is very reactive, freely
available, exchangeable and chelate able form in the cells. This labile form can initiate
ROS generation, induce peroxidation of lipids of cells, or changes the oxidation and
reaction in cells and thus is very toxic to cells. Here in this topic, we will discuss the
important cellular components of iron and their physiological significance.

3.4 Labile cell iron (LCI)

LClI is the generic term for generic to describe labile iron in the cell, or cell com-
partments which exists in either fe2+ or Fe3+ form. The levels of LCI greatly vary
depending on the location or cellular component, metabolic state, and the chemical
composition of the component. The LCI is very important in the cell physiology as it
serves as a metal source for metabolism also an indicator of cellular iron levels [25].
Thus, cells balance the uptake of circulating total bound iron (TBI) and store in the
ferritin shells as unutilized iron basing on the LCI levels. Hence, this can be used as
a dynamic cell parameter as the LCI pools are likely to vary over time in response to
chemical or biological stimuli as well as to metabolic demands/responses. Conversely,
the LCI levels decrease in iron starvation, which results in stable or transient over-
expression of cytosolic or mitochondrial ferritin, a common scene in some mito-
chondrial disorders of aberrant mitochondrial iron accumulation. Thus, LCI acts an
important indicator in pharmacological and research settings [24, 26]. LCI also helps
in important components of chaperone role for human poly (rC)-binding proteins
1-4 (PCBPs 1-4), members of members of the heterogenous nuclear ribonucleopro-
tein family comprised of PCBPs 1-4 RNA/DNA-binding proteins involved in diverse
processes such as splicing, transcript stabilization and translational regulation [27].

3.5 Mitochondrial iron metabolism

Mitochondrial plays and critical role in cellular iron metabolism as these are the
only sites for heme synthesis, essential component of RBCs, skeletal or cardiac muscle
oxygen carrying function and Iron-Sulfur cluster (ISC) biogenesis which serves a
plethora of functions in the cells. These iron complexes are very critical component of
metabolic enzymes, and defect is mitochondrial iron metabolism results in severe dis-
eases [28]. Iron transport in mitochondria can be mediated by the kiss and run process
of iron containing vesicles with mitochondrial membrane or the receptor mediated
endocytosis which is mediated by particularly by PCBP2 [29]. Binding of this protein
to the mitochondrial membrane DMT1 results in the efflux or the influx of iron into
and out of mitochondria. Mitochondria also express its specific ferritin (FTMT)
to store the iron [30]. High levels of FTMT are also expressed in sideroblasts (i.e.,
erythroblasts with iron granules) of patients affected by sideroblastic anemia [31].
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3.6 Iron as component of heme

Heme is the precursor of oxygen carrying protein of the body’s RBCs, skeletal
and cardiac muscle, cytochromes, and many other enzymes. Heme contains 95% of
functional iron in the human body, and two-thirds of the average person’ dietary
iron intake in developed countries and major cause of many of the iron associated
diseases due to consumption of iron rich sources, especially from the animal origin
[32]. It is complexed with porphyrin ring of hemoglobulin and myoglobin proteins.
Apart from the enormous importance of iron or heme in the body, it is also impor-
tant to note that the polymerization of heme (polyheme) which arises because of
the neutralization of gastric contents by pancreatic juice or the Hemozoin that in
formed during the erythrocytic cycle of Plasmodium infection in human beings are
toxic to the cells (Modern Blood banking and transfusion practices, 6th edition)
[33]. Besides, loss of iron because of tear and wear of tissues or the menstrual loss
in human results in anemia. The list of diseases which are associated with the iron
intake can be found at this reference (Nutrients 2014, 6, 1080-1102; doi:10.3390/
nu6031080, [34]).

3.7 Iron as component of proteins

Eukaryotic cells contain numerous iron-containing proteins, which can be mainly
classified into three groups: Iron—sulfur (Fe-S) cluster proteins, hemoproteins, and
non-heme/non-Fe-S proteins. Fe-S proteins are characterized by their different
structures with variable oxidation states, ranging from [2Fe-2S] diamonds, [3Fe-4S]
intermediates, to [4Fe-4S] cluster cubes. Examples of Fe-S proteins include DNA
polymerases, DNA helicases, hydrogenases, nicotinamide adenine dinucleotide
(NADH)-dehydrogenases, nitrogenases, ferredoxins, and aconitases [35, 36].
Hemoproteins have a heme prosthetic group that allows them to carry out oxidative
functions. Examples of hemoproteins include cytochromes, hemoglobin, myoglobin,
catalases, and peroxidases. Nonheme/non-Fe-S proteins can be further subgrouped
into three classes: Mononuclear non-heme iron enzymes, diiron proteins, and
proteins involved in ferric iron transport. This group of iron-containing proteins
mainly includes the small subunit of ribonucleotide reductases (RNRs), superoxide
dismutases (SODs), dioxygenases, pterin-dependent hydrolases, and lipoxygenases.
One can find the list of different proteins and their functions in cells at this reference
(Zhang: Iron-containing proteins in Arabidopsis) [37]. Iron is also stored or absorbed
by the microbiome in the gut plays a major role that not only influence the metabo-
lism and genome of the host but also required for the growth of good bacteria and the
harmful opportunistic bacteria that may cause dreadful disease.

4. Importance of iron in cellular processes (mechanism of homeostasis)

Iron being the essential micronutrient and a major component of cellular respira-
tion, metabolism, its distribution in body fluids and tissue and the diseases associated
with the alterations in the levels of free or bound iron results in many diseases ranging
from anemia, hemochromatosis, and infections. It is obvious that the regulation of
iron levels in the body is an important parameter of cellular state or understand-
ing the physiology of the system, but here we shall discuss with some of clinical
examples to iterate the point that the levels of iron in the tissues or the cells changes
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the cellular state or the diseases causing capacity of an organism that enters the host
[27, 38]. We will not be discussing the iron homeostasis or regulation of iron uptake or
absorption in the body.

4.1 Effect of iron levels in blood transfusions

I believe that each one of us are aware importance of blood transfusion in human
life in the present days, which is essential in case of major surgeries, accidental blood
loss, leukemiass, or the critical chronic blood infections. Blood group and Rh factor is
the critical parameter during blood transfusions and the iron is no exception [39, 40].
It was found that the acute delivery of iron “predisposes patients to new infections,
converts “benign” bacterial colonization into virulent infection, or enhances the
virulence of existing infections” [41]. It should also be appreciated that the ease and
the rapidity of the iron to interconvert between the ferric and ferrous forms interfere
with the many of the cellular processes. The same excess iron in the blood also poses
a potential threat to the cells as it initiates the production of reactive oxygen species
(ROS) through Fenton reaction in the blood which would damage the cells or cause
DNA damage in the delicate immune privileged organs, especially. Therefore, there
is an active discussion on the levels of iron in the healthy blood donors, whether it is
medically important and what steps to be taken while transfusions [42].

4.2 Effect of iron levels on the diseases causing pathogens

Iron availability to the parasites within the host is one of the critical factors that
affects the disease-causing ability [43]. Mycobacterium tuberculosis is an intracellular
pathogen that causes the life-threatening tuberculosis (TB) disease in host [44]. It has
been found that the mutations that results in the macrophage iron overload results in
the predisposition towards TB in HIV patients or increases the risk of TB.

It was also true for some of the commensal (microbiome), lactobacillus,
Staphylococcus epidermidis or pathogens such as rabies can be deadly pathogens
under right condition or the iron overload [45]. The reason is obvious as there is fierce
competition between the host and the bacteria for iron under normal iron condition
and this limits the iron for the bacteria to thrive to cause infection, but during the iron
overload there is lot of iron available for these bacteria to convert into disease causing
pathogens and innumerable pile up as we keep on the discussing this topic. Many
more examples can be found in this editorial column (Iron: double edged sword).

Men ‘Women

Functional iron

Hemoglobin 32 28

Myoglobin 5 4

Fe-containing enzymes 1-2 1-2

Storage iron

Ferritin and Hemosiderin ~11 ~6

Transport iron

Transferrin 0.04 0.04
Table 1.

Iron distvibution in the adults (mg Fe/kg body weight) (Ref. Stipanuk MH (2006).
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4.2.1 Effect of iron levels on immune system

Immune system in the body sequesters the iron in the body and thus prevents the
iron dependent disease-causing pathogens, this is called the nutritional immunity
[46]. In addition, nutritional immunity also modulates adaptive immune responses
either in deficient or overload states [47].

Figure 8.
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—_—
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Iron compartmentalization in the body (http://en.wikipedia.org/wiki/File:lron_metabolism.svg).

Confounder Indicator and direction Comment
of change
Inflammation SF 1 Ferritin is a positive acute-phase protein
Transferrin | Transferrin is a negative acute-phase protein
Iron | The release of cytokines leads to increased uptake and
retention of iron in reticuloendothelial system cells, e.g., iron
becomes sequestered and is not available for transport to the
bone marrow for erythropoiesis
EP1{
Hemoglobin |
Increased EP, sTfR 1 In thalassemia, sickle cell anemia, and hemoglobinopathies
erythropoietic
activity
Lead poisoning EP1t Lead blocks the formation of heme and zinc protoporphyrin
forms instead
Pregnancy Hemoglobin | Plasma volume expansion results in hemodilution
Dehydration Hemoglobin 1 The volume of fluid in blood drops and hemoglobin
artificially rises
Smoking Hemoglobin 1 Compensation for decreased oxygen intake in heavy smokers
Altitude Hemoglobin 1 Compensation for decreased oxygen intake due at high

altitude

EB erythrocyte protoporphyrin; SE, serum fevritin; sTfR, soluble transferrin receptor;, increase in concentration;,
decrease in concentration.

Table 2.

Important confounders of iron status indicators (Ref. Am J Clin Nutr 2017;106(Suppl):16065-14S).
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4.2.2 Measuring or quantification methods of iron

Iron being the important element in different cellular processes, components
of cells, enzymes, and proteins and the levels of iron are very well regulated in the
body. The changes in the local concentrations in the cells and tissues results in many
physiological and pathological conditions. Hence, estimating the concentrations acts
as a good indicator to understand cellular physiological status and the pathological
conditions in the body [48].

There are three main iron compartments in the and the alterations in the normal
in each of the compartment is used as an indicator and the biochemical assessment
is based on the iron levels in the serum. Thus offers an easy way to assess the iron
concentrations in the serum that gives the readout about the infection state or the tis-
sue physiology. Below are the irons indicators and the different understanding of the
different physiological state of the body or tissues with respect to the iron alterations
in the specific compartment (Table 1 and Figure 8) and the condition (Table 2).

5. Conclusion

Iron is the essential micronutrient for the cell physiology and function that also
points out not just the role in cellular function, but also a critical component in cel-
lular infection, cytotoxicity, and the generation of reactive oxygen levels. This chapter
provides the basic importance about the cellular iron, absorption, distribution, stor-
age, critical concentration of tissue iron in the body and hints about the importance
of these critical levels in the diseases and pathologies. Iron as an essential nutrient in
the body and the increased levels or the free in iron in the body are more damaging
to the cell and hence the iron is aptly called as double-edged sword. This chapter has
discussed the pathogenesis of some normal gut microbes turning into pathogenic sps,
macrophage iron levels and the infection of mycobacterium, haemochromatosis are
the few examples that indicate the critical levels of iron in cell physiology and func-
tion. The critical importance of iron and this chapter provides the readers the impor-
tance of iron levels and points out to the fact that the iron has lot of scope in terms of
understanding cell physiology, defining the cell function in diseases. Thus, the iron
offers a huge scope for the research towards limiting the survival of pathogens in the
body or could enhance the survival of good bacteria in the gut.

Besides, consideration regarding the blood transfusion, the irons levels (bound
and unbound form in the donor blood would a major factor in blood transfusion,
especially in terms of treating anemic patients, personalized medicine as in the cases
of bacterial infection as to many species have differential sensitivity or pathogenicity
to the iron levels are the areas of active debate and research.
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Chapter 3

Role of Transferrin in Iron
Metabolism

Nitai Chavan Giri

Abstract

Transferrin plays a vital role in iron metabolism. Transferrin is a glycoprotein
and has a molecular weight of ~80 kDa. It contains two homologous iron-binding
domains, each of which binds one Fe (III). Transferrin delivers the iron to various
cells after binding to the transferrin receptor on the cell surface. The transferrin-
transferrin receptor complex is then transported into the cell by receptor-mediated
endocytosis. The iron is released from transferrin at low pH (e.g., endosomal pH).
The transferrin-transferrin receptor complex will then be transported back to the cell
surface, ready for another round of Fe uptake and release. Thus, transferrin plays a
vital role in iron homeostasis and in iron-related diseases such as anemia. In the case
of anemia, an increased level of plasma transferrin is often observed. On the other
hand, low plasma transferrin level or transferrin malfunction is observed during the
iron overdose. This chapter will focus on the role of transferrin in iron metabolism
and diseases related to transferrin.

Keywords: Transferrin, metabolism, transferrin receptor, homeostasis, endocytosis,
intestine, divalent metal transporter (DMT1), Steap3, endosome

1. Introduction

Iron metabolism is one of the most intricate processes involving many organs and
tissues, such as the intestine, the bone marrow, the spleen, the liver, etc. [1, 2]. Various
proteins are also involved in maintaining iron homeostasis. Transferrin is a glycopro-
tein that plays a central role in iron metabolism [3]. It is present at a concentration of
30-60 pM in blood [4]. Transferrin can be divided into several sub-groups — serum
transferrin, lactoferrin, and ovotransferrin. Hepatocytes produce serum transferrin
found in serum, CSF, etc. Mucosal epithelial cells produce lactoferrin found in milk
[5]. Lactoferrin is also found in secretions such as tear and saliva and cells such as
neutrophils and leukocytes. Ovotransferrin is an iron-binding protein found in avian
egg white. Together transferrins form the most important iron regulation system by
transporting iron from the intestine or the sites of heme degradation to proliferating
cells [6, 7]. This chapter will focus on the role of transferrin in iron metabolism.

Unlike ferritin, transferrin is a relatively new protein and is found only in phylum
Chordata. Transferrin contains ~680 amino acid residues and two subdomain (N-and
C-terminal domains) or lobes (Figure 1) [8]. It has a molecular weight of 80 kDa.
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Figure 1.
Structure of human transferrin (top) and two of its iron (brown sphere)-binding sites (bottom).

The N-terminal lobe consists of residues 1-330 (approx.), while the C-terminal lobe
consists of residues 340-680 (approx.) [9]. The two subunits are connected by a small
hinge (residues 330-340). Transferrins show high sequence similarity - ~70% identity
among lactoferrins while 50-60% identity between lactoferrin and transferrin [10].
The N- and C-terminal halves of these molecules show ~40% sequence identity. It has
been suggested that the transferrin molecule may have evolved from the structural
gene of an ancestral protein possessing only one metal-binding site and about 340
amino acids by gene duplication [11, 12]. This gene duplication might have led to an
increase in its Fe(III) binding capacity and affinity [13]. Although transferrin con-
tains many cysteine residues, it does not have any free sulfhydryl groups (present as
disulfide).

Transferrins show greater species variability in carbohydrate composition than
in their amino acid composition. The total carbohydrate content varies from 3-12%
weight of protein. The number of carbohydrate chains per protein molecule varies
from 1 to 4. Human serum transferrin contains about 6% carbohydrate. This carbo-
hydrate moiety has two identical, branched hetero-saccharide chains attached to the
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amide group of Asn residues via N-glycosidic linkages. However, a minor population
of transferrin contains only tri-branched glycans. These carbohydrate groups affect
the recognition and conformation of the native protein. The carbohydrate groups can
also influence the solubility of the protein.

2.Iron binding to transferrin

Transferrins are bilobal where each lobe reversibly binds a ferric iron (logK = 22.5
for C-site and 21.4 for N-site). Although two iron sites can be distinguished by kinetic
and few other studies, their coordination environments are similar (Figure 1, bot-
tom). X-ray crystallography indicates that the iron-binding site involves two pheno-
late oxygen from Tyr, two oxygen from bidentate bicarbonate, nitrogen from His, and
oxygen from the carboxylate group of an Asp. Although transferrin binds Fe(III),
iron is absorbed as Fe(II) in the intestine. Ceruloplasmin may catalyze the oxidation
of Fe(II) to Fe(III) so that it may be bound to transferrin. However, there is some evi-
dence that transferrin binds Fe(II), although with a much lower affinity. The resulting
Fe(II)-transferrin-bicarbonate (or carbonate) will be oxidized by molecular oxygen
to Fe(III)-transferrin-bicarbonate (or carbonate) [14, 15]. Thus, transferrin binds two
Fe(III) in the presence of carbonate or bicarbonate to form a pink-colored complex
with an absorption maximum of 465-470 nm. This iron-binding is pH-dependent,
where the efficiency of iron-binding is maximum at pH between 7.5 and 10. This iron-
binding efficiency decreases upon lowering the pH, and partial dissociation occurs at
pH 6.5. Complete dissociation of iron occurs at pH 4.5. This decrease in iron-binding
efficiency is useful for preparing apo-transferrin in vitro. For every Fe(III) bound to

Figure 2.
Superimposition of the structures of apo-transferrin (cyan) and holo(diferric)-transferrin (green).
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Figure 3.
Distribution of surface charge in apo-transferrin (left) and holo-transferrin (right).

the protein, three protons are released. Considering that two Tyr residues are bound
to Fe(III), these two ligands may be responsible for two protons. The third proton may
come from bicarbonate.

Superimposition of the apo-transferrin (no iron) structure with the holo form
(diferric) indicates the presence of open and closed forms, respectively (Figure 2).
It has been suggested that apo-transferrin can exist both in an open and closed
formation. However, the closed conformation exists less than 10% of the time [16].
Differential scanning calorimetry experiment performed by titrating Fe(III) into apo-
transferrin indicated cooperativity between the two lobes in transferrin. During this
process, Fe(III) first binds to the C-lobe and then to the N-lobe. It was also observed
that the binding of Fe(III) in the C-lobe helps strengthen the binding of Fe(III) in
N- lobe. It is worth noting that the interface of the lobes contains hydrophobic
patches. The hydrophobic interaction may cause the movement in one lobe as the
other one closes due to Fe(III) binding. Also, Fe(III) binding to transferrin alters the
surface charge (Figure 3). The surface charge in holo-transferrin is more negative
than apo-transferrin. Thus, electrostatics may drive the onset of endocytosis.

3. Transfer of iron from transferrin to cells

Under physiological conditions, Fe(III) is tightly bound to transferrin.
Considering the K, of the reaction between transferrin and iron, iron will take
thousands of years to dissociate spontaneously from transferrin to blood. Thus,
there must be some unique mechanism for transferring iron from transferrin to cells.
Now it is established that transferrin receptors on the cell surface play an important
role in transferring iron from transferrin to cells. Transferrin receptor is a 180 kDa
homodimer type II transmembrane glycoprotein [17]. Two monomers of ~769 amino
acids are linked by two disulfide bridges [18]. Each monomer contains three major
domains — a C-terminal extracellular domain, a transmembrane domain, and an
N-terminal intracellular domain. The C-terminal extracellular domain comprises
~671 amino acids and has two main subunits — domain head and a stock of ~37 amino
acids that separate the head from the transmembrane domain. The transmembrane
domain consists of ~20-28 residues that create a hydrophobic region. This region
contains palmitoylation sites (Cys62 and Cys67) that help the transferrin receptor
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cling to the cell membrane. The intracellular N-terminal domain is made up of ~61-66
residues. Due to the dimeric nature of the transferrin receptor, it binds two transferrin
molecules.

3.1 Conformational change in the transferrin receptor due to transferrin binding

X-ray crystal structure of iron-bound transferrin in complex with transferrin
receptor provides the molecular details of the interaction between transferrin and
transferrin receptor (Figure 4) [19]. Conformation changes in the C-terminal domain
of transferrin receptor occurs when transferrin receptor binds iron-bound transfer-
rin. These conformation changes have been suggested to be responsible for initiating
endocytosis for Fe(III) uptake by the cells. The most dramatic change in the transfer-
rin receptor structure is observed in the loop containing Asn317 (one of the three
glycosylation sites, Figure 5A). Also, Phe316 is shifted by ~8 A while His318 is shifted
by ~12.5 A. These movements bring these residues closer to the C-terminus of other
transferrin receptor monomer (Figure 5B). The binding of transferrin to transferrin
receptor leads to a rotation along transferrin receptor dimeric interface bringing four
His (His475 and His684 from each monomer) into proximity (Figure 5C). The bind-
ing of transferrin to transferrin receptor also causes two Trp residues (Trp641 and
Trp740) to undergo significant changes (Figure 5D).

The interaction of the transferrin receptor with transferrin also depends on pH.
For these interactions, the important pH values are 7.4 (blood pH) and 5.5 (endosomal
pH). It has been reported that at blood pH diiron bound transferrin exclusively
formed saturated transferrin-transferrin receptor complex [20]. However, monomeric

Figure 4.
Intevaction of transfervin (cyan: The brown sphere is transfervin-bound iron) with C-terminal extracellular
domain of transferrin receptor (green).
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Phe316’
A

His318’

Figure 5.

Cognﬁrmational change of transferrin receptor (cyan) due to the formation of transferrin-transferrin receptor
complex (green): Structural change of the loop containing Asnz1y (A), movements of Phe316 and His318 from

one monomer (indicated by ) to the other monomer (B) four his vesidues of transferrin receptor come to close
proximity due to transferrin binding (C) and movements of Trp641 and Trpz40 from one monomer (indicated by
‘) to the other monomer (D).

transferrin (N-lobe or C-lobe) with one iron as well as apo-transferrin could not
saturate the transferrin receptor. It was shown that the diiron-containing transfer-

rin has the maximum affinity for the transferrin receptor, while the apo-transferrin
had the lowest affinity for the transferrin receptor. However, this trend is reversed at
endosomal pH. Here, apo-transferrin has the highest affinity for the transferrin recep-
tor. This strong interaction is necessary for transferrin to return to the cell surface and
repeat further Fe(III) uptake.

Thus, the recognition of diiron bound transferrin is essential for initiating
endocytosis (Figure 6). This transferrin-mediated endocytosis involves the clathrin
coating of the ensuing endosome to protect it from proteolytic degradation. Thus, the
enclosed transferrin and transferrin receptor are protected so that they can be recy-
cled. The adaptor protein complex mediates the formation of a proton-pumping endo-
some that includes other membrane proteins such as Steap3, a ferrireductase [21, 22].
Once the endosome enters the cell, it is acidified to a pH of 5.5. This acidification may
enable the chelator to penetrate the metal-binding site and induce a semi-open con-
formation that ultimately leads to metal release. It has been reported that the sulfate
binding to Fe(III) prevents His and Asp from binding to Fe(III) and thus leads to a
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semi-open conformation of the transferrin (Figure 7). During the metal release and

its delivery to the cytosol via the divalent metal transporter 1 (DMT1), the reduction
of Fe(III) to Fe(II) occurs. However, there is some debate about the order of chelation
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Steap3 DMT1 Transferrin
receptor

/W chelator
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Figure 6.

Proposed pathway of transferrvin receptor mediated endocytosis and ivon release into the cytosol.

Figure7.
Sulfate binding to ivon (brown sphere) leads to semi-open conformation by preventing the ligation of his and asp
to iron.
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and reduction. One group of researchers think that acidification coupled with chela-
tion by an intracellular chelator (e.g., citrate, ATP) results in the dissociation of Fe(III)
from transferrin [23]. This Fe(III) is then reduced to Fe(II) by Steap3. DMT1 then
transports Fe(II) into the cytosol, forming a labile iron pool [24, 25]. However, this
Fe(II) is quickly stored in ferritin and inserted into various iron-dependent proteins
[26, 27]. Another group of researchers believes that the interaction between diiron
bound transferrin and transferrin receptor alters the redox potential of Fe(III) from
—0.53 Vto—0.3V (vs. SHE) [28, 29]. Then Steap3 will reduce Fe(III) to Fe(II), which

ibi % i citrate
Figure 8.

Structure of citrate bound ivon (brown spheve) near the metal binding site in transferrin.
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will weaken the metal affinity of transferrin (logp value of diFe(III) bound transferrin
is 43.5 while that of diFe(II) bound transferrin is 13) [30, 31]. Fe(II) will then undergo
facile dissociation, possibly with the help of a chelator, and be transported out of the
endosome by DMT1. Some researchers also believe that ascorbate is the likely reducing
agent [32]. Recently, Fe(III) bound to citrate near the transferrin metal-binding site
has been reported (Figure 8). However, in this structure, Fe(III) is not ligated to any
protein-derived ligand. This citrate-bound iron (without protein-derived ligand) can
be considered citrate scavenging of Fe(III) from transferrin.

4. Significance of bilobal transferrin

Since no eukaryotic single-lobed transferrin is known [33], it is reasonable to think
that the emergence and persistence of a bilobal structure offer substantial advantages
to the organism that uses transferrin for iron transport. However, the nature of the
advantages has not been confirmed. One hypothesis is that the bilobal protein resists
loss through glomerular filtration in the kidney [34]. However, this hypothesis has
been questioned since the bilobal structure may have evolved before the filtration
kidney appeared [35]. It has been reported that the C-lobe of full-length transferrin
binds iron with four times higher affinity than the isolated C-lobe at pH 7.4 [36]. This
affinity becomes 25 times at pH 6.7. Iron release from the N-terminal lobe occurs
in the pH range from 6 to 4 compared with 4 to 2.5 for native lactoferrin. These
results also support the idea that the more facile iron release from the half-molecule
(N-terminal lobe only) compared to the full-length protein is due to the absence of
stabilizing interactions between N-terminal and C-terminal halves [10]. It appears
that the efficiency of iron release from the C-lobe of native transferrin is impaired
by stabilizing interactions of the lobes with each other that retard the release of iron.
However, the binding of the transferrin receptor will overcome this problem. Thus,
the bilobal structure is favored during evolution so that iron will be released from
transferrin when it is complexed with the transferrin receptor.

5. Kinetics of iron release from bilobal transferrin

Although the members of the transferrin family have essentially the same fold due
to the high degree of sequence identity, individual transferrin differs in their iron-
binding property [37, 38]. Mechanism of iron release from each lobe differs mainly
due to the differences in second shell residues [23]. In vitro studies with purified
transferrin have shown that the iron-loaded protein releases iron as the pH is lowered
[39]. Iron-loaded human serum transferrin releases iron over a pH range of 6.5 to 4,
whereas the iron release from lactoferrin occurs in the pH range of 4 to 2.5 [40].

Hen serum transferrin releases the first iron in the pH range of 6.5 to 5.2 [41]. Under
similar conditions, human serum transferrin 6.0 to 5.5. The loss of the remaining
iron from hen serum transferrin C-lobe occurs over a pH range of 5.2 to 4. Studies
performed in the absence of transferrin receptor indicate that 96% of the time, iron
is released from N-lobe followed by slow release from C-lobe [42]. Also, there is
cooperativity among the two lobes in the absence of transferrin receptors [43]. Thus,
the iron release from the N-lobe is sensitive to the C-lobe. On the other hand, iron is
released from the C-lobe 65% of the time in the presence of the transferrin receptor.
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5.1 Iron release from C-lobe

Iron release from the C-lobe of transferrin is very slow and unaffected by N-lobe
[44]. C-lobe has a triad of Lys534-Arg632-Asp634 that controls the iron release in the
absence of the transferrin receptor [45, 46]. Lys534 and Arg632 in the C-lobe may
share a H-bond that is stabilized by Asp634. Thus, the protonation of Asp634 will
trigger the iron release. However, in the structure of pig transferrin, the Lys and Arg
are too far away (~4.1 A apart) to share a H-bond [47]. However, mutation of Lys/
Arg to Ala severely retards iron release from C-lobe [48]. Iron release from the C-lobe
in the presence of transferrin receptor proceeds via a different mechanism and is
7-10 fold faster than that in the absence of transferrin receptor. Recent studies have
shown that the iron release from the C-lobe is dictated by His349 [49]. Based on the
cryo-EM, it was suggested that a pair of hydrophobic residues (Trp641 and Phe760)
interact with His349 and stimulates iron release by stabilizing the apo-transferrin/
transferrin receptor complex [50]. The role of His349 in the iron release has been
demonstrated by mutating His349 to Ala. In this H349A mutant, the iron release from
C-love is reduced by 12 fold.

5.2 Iron release from N-lobe

In the absence of transferrin receptors, the iron release from N-lobe is controlled
by the protonation of a pair of Lys. These two Lys residues are 3 A apart and share
a H-bond [51]. When the pH is reduced, protonation of one of the Lys residues
causes the positively charged Lys residues to repeal each other (moving at least 9 A
apart) [52]. This repulsion triggers a cleft opening as well as the release of iron [53].
Mutations of any of these to two Lys to either Glu or Ala drastically slowed the rate
of iron release [54]. The release of iron from the N-lobe is further facilitated by the
binding of anions to Argl43 [55].

6. Stabilization of apo-transferrin/transferrin receptor complex

The return of apo-transferrin to the cell surface is a distinctive feature of the endo-
cytic cycle. As revealed by the apo-transferrin structure, the N-lobe is stabilized by a
salt bridge between Asp240 and Arg678 [56]. Additionally, the PRKP loop (residues
142-145) is connected to the bridge by a disulfide bond (between Cys137 and Cys331).
In the apo-transferrin structure, the movement of the PRKP loop and the disulfide
bond brings the bridge closer to the protease-like domain of the transferrin receptor
to possibly further stabilize the apo-conformation in a pH-dependent manner.

7. Biological function of transferrin

Transferrin delivers the iron to various cells after binding to the transferrin
receptor on the cell surface. The transferrin-transferrin receptor complex is then
transported into the cell by receptor-mediated endocytosis. The iron is released from
transferrin at low pH (e.g., endosomal pH). The transferrin-transferrin receptor com-
plex will then be transported back to the cell surface, ready for another round of Fe
uptake and release. This process can turn over roughly a million atoms of iron per cell
per minute in active reticulocytes [57]. It is well known that Fe(III) salts are highly
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susceptible to hydrolysis at neutral pH to produce insoluble ferric hydroxide. Thus,
the concentration of free Fe(III) in physiological fluids will be very low (~1078 M).
However, the daily turnover of hemoglobin iron is ~30 mg (~10"* M). Thus, there

is a need for a high-affinity iron-binding protein, like transferrin. By binding iron
upon its release into the bloodstream, serum transferrin prevents the hydrolysis and
precipitation of iron [58]. Thus, it increases the solubility of iron in the blood to the
micromolar level and consequently increases its bioavailability [59]. Transferrin is
usually ~30% saturated with iron with ~27% diferric transferrin, 23% monoferric
transferrin (N-lobe), 11% monoferric transferrin (C-lobe), and 40% apo-transferrin
[60, 61]. During increasing iron overload, the empty iron binding sites in transfer-
rin are occupied, and thus, iron toxicity is not overserved until transferrin has been
saturated with iron. Serum transferrin also inhibits the reduction of Fe(III) to Fe(II),
which may lead to iron toxicity via the formation of reactive oxygen species. By
having a very high affinity for Fe(III), transferrin can prevent the uptake of Fe(III) by
pathogenic microorganisms. The most important role of transferrin is in the transport
of iron among the site of absorption (intestinal mucosal cells), utilization (immature
erythroid cells), storage (liver), and hemoglobin degradation. Thus, transferrin plays
avital and central role in iron metabolism (Figure 9). Although transferrin has a high
molecular weight and binds only two iron ions, it is relatively efficient since it is used
in many cycles of iron transport. Transferrin is recycled more than 10 times a day to
supply the 20-30 mg irons needed for over 2 million erythrocytes produced every
second by the bone marrow. Although iron bound to transferrin is <0.1% (4 mg) of
total body iron, it constitutes the most critical iron pool with the highest turnover
rate (25 mg per day) [62, 63]. It has a relatively longer half-life of 8-10 days in vivo. It
has been suggested that plasma aluminum, when it binds to transferrin, may lead to
anemia since aluminum will enter the iron distribution pathway [64].

Storage in ferritin

Iron in food Intestinal iron
absorption

Use in enzymes,
Hemoglobin,
Myoglobin

Figure 9.
A simple diagram of the ivon homeostasis in human.
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Figure 10.
Superimposition of structuve of transferrin (green) and lactoferrin (cyan). Iron bound to transferrin and
lactoferrvin is shown as brown spheres.

In contrast, lactoferrin possesses various biological properties, including antioxi-
dants, antimicrobial and anti-inflammatory activities [65]. Lactoferrin’s affinity for
iron is very high (double that of transferrin). This high iron affinity partly determines
its function. Superimposition of the structure of transferrin and lactoferrin indicates
that the lactoferrin has a relatively closed conformation compared to transferrin
(Figure 10). This closed conformation may explain the higher iron affinity of lacto-
ferrin since once iron is sequestered, it cannot escape. The high affinity of lactoferrin
for iron will also enable it to deprive microorganisms of essential metals for growth.
However, iron is a crucial nutrient for pathogenic microorganisms which require iron
to survive and replicate. Thus, lactoferrin is considered to form part of the immune
system since it deprives the pathogenic microorganisms of iron and combats the
infection they cause [66]. While the apo-lactoferrin inhibits the growth of a large
number of pathogenic bacteria, holo-lactoferrin shows significantly lower inhibition
towards these pathogens.

8. Iron sequestration from transferrin by N. Meningitidis

N. Meningitidis is a pathogenic bacterium responsible for bacterial meningitis. It
acquires iron from transferrin during infection through a transferrin receptor system
composed of two proteins TbpA and TbpB [67]. TbpA is a 100 kDa TonB-dependent
outer membrane protein required for iron uptake [68]. It can serve as a channel for iron
transport across the outer membrane. TbpB is a bilobal protein (60-80 kDa) required
for colonization in the host [69]. This protein extends from the outer membrane into
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the host milieu to interact with transferrin to initiate iron acquisition [70]. Together,
these proteins sequester iron from transferrin. TbpA binds both holo- and apo-forms
of transferrin [71]. However, TbpB binds only the holo-transferrin.

Figure 11.
Structure of transfervin (green) and transfervin binding protein ThpB (cyan) complex (top: The brown sphere is
transfervin-bound iron). Interaction of His349 in transfervin with various vesidues in ThpB via water (sphere, bottom,).
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The crystal structure of TbpB with and without human transferrin has been
reported [72]. Both TbpA and TbpB bind to transferrin C-lobe [73]. Within this
structure, several amino acids residues of transferrin (His349, Lys511) and TbpB
(Arg199, Glu222) are buried in the binding interface (Figure 11, top). His349 residue
of transferrin interacts with TbpB through a tetrahedrally coordinated water involved
in H-bonding with His143, Asp159, and Lys206 from TbpB (Figure 11, bottom).
Protonation of His349 will cause an electrostatic repulsion with Lys511 leading to a
conformational change which results in an open conformation of transferrin. Thus,
His349 in human transferrin can act as a pH-inducible switch for iron release in the
presence of the transferrin receptor [19, 49]. Structure-based pK, prediction suggests
that TbpB binding to human transferrin leads to a reduction of the estimated pK, of
human transferrin His349 from 6.2 (unbound form) to 1.9 (bound to TbpB) [74]. Thus,
the binding of TbpB to transferrin may prevent His349 from becoming protonated and
stabilize the holo C-lobe of transferrin. Therefore, TbpB does not initiate the opening of
the human transferrin holo C-lobe that results in the iron release. Thus, the first step of
iron acquisition by TbpB will involve binding to iron-loaded transferrin inside the host
and maintaining the iron-loaded form until its delivery to TbpA in the second step.

Although the human Transferrin receptor interacts with transferrin via both N and
C lobes, TbpB interacts with only the C-lobe of transferrin. Also, the human transfer-
rin receptor binds to both apo- and holo-forms of transferrin, while TbpB binds spe-
cifically to holo-transferrin [75]. This is because the holo-form of C-lobe with a closed
conformation will allow more effective docking of C-lobe of transferrin onto TbpB.
However, the apo form of transferrin with an open structure will drastically reduce the
binding interface between TbpB and transferrin. Unlike human transferrin receptor,
TbpB interacts with a loop (residues 496-515) of human transferrin. Variation of this
loop is observed among mammalian transferrins. This variation in the TbpB recogni-
tion site on transferrin seems to act as the barrier for cross-species specificity between
TbpB and transferrin. Finally, bacterial transferrin binding protein (TbpB) competes
with the human transferrin receptor for transferrin/iron. TbpB binding site on human
transferrin partially overlaps with the transferrin receptor binding site. This overlap-
ping binding site of the human transferrin receptor and pathogenic transferrin binding
protein (e.g., TbpB) allows the pathogens to circumvent the mutation of transferrin.

9. Conclusion

This chapter highlights the role of transferrin in iron metabolism, including the
iron-binding by transferrin, transferrin receptor-mediated endocytosis of transfer-
rin/transferrin-receptor complex, and consequent iron release, etc. Some of the
released iron will be stored in ferritin, while the other part will be used by various
proteins and enzymes constituting a pathway of iron regulation. This iron-binding
and regulation by transferrin are critical considering the toxicity of iron. How the
differences (amino acids, structure, iron-binding affinity, etc.) between serum
transferrin and lactoferrin dictates their biological functions have been highlighted.
Finally, the competition between the human transferrin receptor and bacterial
transferrin binding protein (e.g., TbpB) for getting iron from transferrin has also
been discussed. Understanding the interaction of transferrin with other proteins
(e.g., transferrin binding protein from various pathogenic bacteria) may lead to drug
development. Overall, elucidation of the role of transferrin in iron metabolism will
help understanding iron-related diseases and improve treatment.
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Chapter 4
Hepcidin

Safa A. Faraj and Naeem M. Al-Abedy

Abstract

The hepcidin is antimicrobial peptide has antimicrobial effects discover before
more than a thousand years; it has a great role in iron metabolism and innate immu-
nity. Hepcidin is a regulator of iron homeostasis. Its production is increased by
iron excess and inflammation and decreased by hypoxia and anemia. Iron-loading
anemias are diseases in which hepcidin is controlled by ineffective erythropoiesis and
concurrent iron overload impacts. Hepcidin reacts with ferroportin. The ferroportin
is found in spleen, duodenum, placenta, if the ferroportin decrease, it results in
the reduced iron intake and macrophage release of iron, and using the iron which
stores in the liver. Gene of human hepcidin is carried out by chromosome 19q13.1. It
consists of (2637) nucleated base. HAMP gene was founded in the liver cells, in brain,
trachea, heart, tonsils, and lung. Changing in the HAMP gene will produce a change
in hepcidin function. The hepcidin is made many stimulators are included opposing
effects exerted by pathological and physiological conditions. Hepcidin is essential for
iron metabolism, understanding stricter and genetic base of hepcidin is crucial step to
know iron behavior and reactions to many health statuses.

Keywords: hepcidin, iron, HAMP gene

1. Introduction

The hepcidin is antimicrobial peptide has antimicrobial effects discover before
more than a thousand years; it has a great role in iron metabolism and innate immu-
nity [1]. It’s a peptide hormone produced by the liver that acts as an iron regulator.
Hepcidin is an iron homeostasis regulator. Iron deficiency and inflammation boost its
production, while hypoxia and anemia diminish it. Hepcidin prevents iron from duo-
denal enterocytes absorbing dietary iron, macrophages recycling iron from senescent
erythrocytes, and iron-storing hepatocytes from entering the bloodstream. Hepcidin
is controlled by inefficient erythropoiesis and concurrent iron overload consequences
in iron-loading anemias [2].

Human urine and blood, particularly plasma after filtration, were used to isolate
hepcidin. Macrophages, adipocytes, neutrophils, lymphocytes, kidney cells, and -cells
all make hepcidin. The studies experiment on mice used for determination hepcidin
regulation, expression, function, and structure. Severe iron overload is occurring
due to the gene responsible with hepcidin production; the gen has the role of iron
function. However, decreased and iron increased hepcidin expression in transgenic
animals. Hepcidin serves a variety of purposes, including inflammation, hypoxia, and
iron storage [3].
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Ferroportin reacts with hepcidin. The ferroportin is located in the spleen,
duodenum, and placenta; a decrease in ferroportin results in reduced iron intake and
iron release by macrophages, as well as the use of iron stored in the liver [4].

2. The HAMP gene and structure of hepcidin

The human hepcidin gene is located on chromosome 19q13.1. It is made up of 263
nucleated bases. The HAMP gene was discovered in liver cells, brain cells, trachea,
heart, tonsils, and lung cells [5].

Hepcidin comes in three forms: 25 aa, 22 aa, and 20 aa peptide. The HAMP gene
encodes preprohepcidin, which has 84 amino acids. The structure of hepcidin25
(Figure 1), which consists of (8) cysteine linked by a disulfide bond, is detected
in urine, while 25 and 20 are found in human serum. The structure of hepcidin is
studied using NMR spectroscopy; it has four disulfide links [7].

Amphipatic
____properties
N\ \/

N-terminus

Vicinal
disulfide bond

s
l Distorted B-sheet [ i

Figure 1.

Moglecule structure of human synthetic hepcidin-25. Background: Hepcidin-25. Front: Showing the general
structure of hepcidin-25. Gray arrows are distorted B-sheets, and coloved gray is peptide backbone. Colored yellow
is a disulfide bond, blue is indicate to positive residues of lysine and arginine, red indicates to the negative residue
of aspartic acid, and coloved green indicates to histidine which containing amino-terminal [6].

3. Hepcidin gene regulation

Location of the HAMP gene is at 19q13 chromosome mRNA. Several genetic fac-
tors affect on iron concentration, hypoxia, inflammation, erythropoiesis, and anemia.
All these factors have two pathways on the gene. The first signaling is by bone proteins
and the second Janus kinase/signal related to inflammation [8].

The protein is regulated of hepcidin level depend on transferrin and interaction
receptor. HFE is chanced from TfR1 [Tf-Fe3+] to promote its interaction with (TfR2).
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TfR2 and HFE link with the receptor of hemojuvelin by the BMP/Son for activating
HAMP gene. This reaction stimuli phosphorylation of BMP receptor, and stimulating
signals into the cell. The receptor of type II activates receptor of type I, then the signal
transmits to the SMAD regulatory receiver, phosphorylating (SMAD-8, SMAD-5,

and SMAD-1). The activated complex transfer to the nucleus for regulating gene
transcription [9]. Matriptase-2 protein and SMAD-4 is a suppressor of BMP/SMAD.
HJV is reacting with Matriptase-2 and causes fragmentation. Growth hormone and
erythropoietin associate with the receptor, wherever, interferon and cytokines. The
hepcidin wad produced in the liver, it increases if iron gets in liver cells. Hepcidin cre-
ates and released into the blood vessels and spread all the body. It interacts with other
proteins in the liver, intestines, and WBC for iron storage when the hepcidin was
produced at large amounts, increases the occurrence of liver tumor or chronic or acute
hypoferremia. If the hepcidin is decreased in the production, results in mutations in
the hemojuvelin gene, hepcidin gene, or transferrin receptor 2 [10].

4. HAMP gene mutation

Hepcidin function will be altered if the HAMP gene is altered. Exon 3 of the
HAMP gene encodes proteins, and it is regarded the most critical and biggest sec-
tion of the gene, containing several polymorphisms [10]. The HFE gene has more
polymorphisms than the HAMP gene. There are approximately 16 forms of single
nucleotide polymorphism that have been discovered in various investigations [8].
Mutations in the gene have been reported in a number of reports. People who have
mutations in the HAMP gene develop juvenile hemochromatosis between the ages
of 10 and 30. As the initial genetic change in the HAMP gene, microsatellite marker
probes are utilized. After exchanging several amino acids in the active peptide, or
replacing C78 with a tyrosine, C78T, the mutation occurs in ¢.233G > A at some
point [11].

The mutation allows ferroportin to form bisulfite connections with hepcidin,
resulting in an increase in iron absorption. C70R mutations result in cysteine bisulfite
bond distortion. The arginine replaces the cysteine, which does not allow the creation
of the bisulfite bridge between 3 and 6 in the hepcidin peptide. C to T substitutions
were found at position (166) of the HAMP (166C-T), as well as arginine substitutions
at position (56) for a halting codon (R56X), 193A to R56X. (T). Furthermore, the fer-
roprotein does not bind to hepcidin, resulting in the production of additional iron. In
contrast, deleting guanine from exon two at location 93 causes an RNA mutation. The
deletion of Met50del IVS21 from exon two causes a disruption in the active peptide’s
expression as well as variations in reading frames. Met50 and (IVS + 1 (G)) are sup-
pressed by the mutation. The reading frame is lengthened as a result of this mutation.
Another mutation, G71D, causes a change in amino acid 71, which lies between 3
and 4 cysteine and precludes ferroprotein binding. In sickle cell disease patients,
the HFE-H63D mutation is linked to the HAMP-G71D variant, which increases iron
overload [12].

The polymorphism (G to A) occurs at the +14 position of the 5'-UTR region,
resulting in a new initiation codon, a new aberrant protein, and a shift in the reading
frame. After the mRNA is translated, an unstable protein will be produced, which
will be analyzed. The related polymorphisms NC-582A > G and NC-1010C > T in the
HAMP gene create a haplotype with ferritin concentrations greater than 300 g/L [13].
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HFE gene polymorphisms are frequently linked to HAMP. With iron overload,
there are various mixed clinical symptoms in some clinical instances. The variations
C, 582A > G and C-153C > T reduce hepcidin expression, but the peptide’s mode of
action remains same without transferrin saturation and increased ferritin levels.

The patient who has HAMP gene mutations were cannot make hepcidin and unable to
decrease iron absorption. The body organs become contain iron at large amounts such
as heart and liver, and it will affect with damage. Any change in the HAMP gene could
result in a faulty hepcidin protein, and it would have no effect. The accumulation of
iron and ferritin in the organs contributes to the development of diseases in several
organs, such as coronary artery disease, diabetes mellitus, HIV, HBV, and HCV, where
reactive oxygen generates oxidative material that damages tissues. And some neu-
rological illnesses, such as Alzheimer’, Parkinson’s, and sclerosis, are linked to high
levels of hepcidin in the blood [14].

5. The hepcidin clinical applications

The hepcidin is made many stimulators are included opposing effects exerted by
pathological and physiological conditions. The response is usually rapid. The hepci-
din production increases during few hours after inflammatory stimulation and iron
administration. Several stimuli could associate with hepcidin. Such as in hepcidin
production and severe ID with the inflammation [15, 16].

Several ineffective conditions, such as signals released by bone marrow and
non-transfusion-dependent thalassemia. The results showed hepcidin suppres-
sion non-transfusion-dependent thalassemias other iron-loading anemias, and
even in-thalassemia trait. Serum hepcidin in transfusion-dependent b-thalassemia
showed increasing in blood transfusions and decreasing through inter-transfusion
periods [16].

Clinically relevant conditions include CKD, RBC transfusions, iron admin-
istration, replete iron stores, TMPRSS6 variants, infections/inflammatory
disorders, ineffective erythropoiesis, hypoxia, erythropoietic stimulating agent
administration, chronic liver diseases, alcohol abuse, HCV, hemochromatosis-
related mutations, and testosterone estrogen administration. HCV, hereditary
hemochromatosis; HH, iron deficiency; IDA, RBC, transmembrane protease serine
6, matriptase-2 encoding gene; CKD, glomerular filtration rate; GFR, hepatitis
C virus; HCV, hereditary hemochromatosis; IDA, RBC, transmembrane protease
serine 6, and matriptase-2 encoding [17].

6. Structure and location of HFE gene human

HFE protein was encoded by the HFE gene in humans. The gene lies at chromo-
some six—6p21.3. The protein is included membrane protein such as MHC class I-type
and link with beta-2 microglobulin. HFE protein regulates iron uptake by transfer-
rin HFE protein and the transferrin receptor which composed from (343) amino
acid (Figure 2). Many other types of proteins such as a signal peptide, transferrin
receptor-binding region, and immunoglobulin molecules. HFE is prominent in small
intestinal absorptive cells, epithelial cells in stomach, macrophages, and granulocytes
and monocytes [19].
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Figure 2.
The HFE gene diagram. The image was changed after getting permission from the author. Cys282 -> Tyr282
exchanging mutation of C282Y and His63 -> Asp63 exchanging mutation of H63D [18].

7. Maintaining iron homeostasis by hepcidin
Hepcidin is regulated iron absorption. Pathway of iron is showed in (Figure 3),

FPN1link with hepcidin is results in iron retention into the cell and do not allow of
iron from getting in the plasma. Hepcidin is made and store in the liver cell [20].

How hepcidin regulates iron

Spleen

Bone marrow
and other sites
of iron usage

Duodenum

Figure 3.
Hepcidin internalization and degradation.

67



Iron Metabolism - A Double-Edged Sword

Ferroportin binds to hepcidin results in degradation, wherever the reaction
between ferroportin and hepcidin regulates and control on iron concentration. The
hepcidin regulation is a very complex mechanism and depends on many transmem-
brane proteins. JAK-STAT activated HAMP expression in interleukin-6 (IL6) status
and inflammation-mediated response [21].

Bone-morphogenetic protein is work as a key for the regulation of HAMP gene
through SMAD signaling pathway.

Also, hemojuvelin is protein made in a lever membrane cell. If the iron becomes
low, the hemojuvelin is activated wherever the sHJV inhibits HAMP level through
lining with BMP. Regulation of iron is not understood although many proteins work
to iron regulation we know it such as (TFR2) have great role in iron regulation [22].

8. Iron regulation by hepcidin

The function of the enterocytes has absorbed the iron, the iron store in the
macrophages and hepatocytes and the process is controlled by hepcidin, the hepcidin
is produced in the liver. Hepcidin consists of (84) amino acid, it is undergoing for
several reactions to become (60) amino acid then transfer to (25) amino acid [23].

The hepcidin is hormone consist of four disulphide bonds and 32% beta-sheet.
The function of the hepcidin is control on iron efflux by ferroportin wherever; the
liver secretes iron in the plasma. After secretion, the hepcidin is bound with ferro-
portin; wherever, ferroportin is protein on the cell surface have transferred the iron
inside the cell. If the ferroportin is reduced in expression, become the intracellular
iron is less. Hepcidin is absorbed iron from the food and transfers to plasma, and the

Intracellular and
extracellular iron Erythropoietic iron
concentrations requirements Inflammation

Duodenal
enterocytes

Hepatocytes and

Splenic Kupffer cells

macrophages

Plasma iron

Figure 4.
Regulation of iron balance.
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iron gets in the cell by binding hepcidin and ferroportin. Reduction of the ferroportin
on the cell surface is mechanism unclear [9].

Figure 4 show how iron flows into plasma exclusively through the membrane
channel, ferroportin. Macrophages, enterocyte’s hepatocytes are the principal cell
types that express ferroportin and so export iron. The duodenum, spleen, and liver,
which contain these cells, are important locations for controlling iron flux (blue
arrows). Hepcidin, a 25-amino-acid hepatic hormone, regulates ferroportin levels.
Endocytosis and proteolysis are triggered when hepcidin binds to ferroportin, pre-
venting iron flow (red arrows) into the plasma from ferroportin-expressing tissues.
Hepcidin production rises as iron stocks rise during infection (black arrows) and falls
as erythropoiesis demands more iron (red arrows) [24].

9. Conclusion
Hepcidin is essential for iron metabolism, understanding stricter and genetic base
of hepcidin is crucial step to know iron behavior and reactions to many health status.

This chapter highlights on hepcidin structure and genetic information as well as its
relation to iron metabolism.
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Chapter 5

Abnormal Iron Metabolism and Its
Effect on Dentistry

Chinmayee Dahihandekar and Sweta Kale Pisulkar

Abstract

Iron is a necessary micro-nutrient for proper functioning of the erythropoietic,
oxidative and cellular metabolism. The iron balance in the body adversely affects the
normal physiologic functioning of the body and structures in the oral cavity. Various
abnormalities develop owing to improper iron metabolism in the body which reflects
in the oral cavity. The toxicity of iron has to be well understood to immediately
identify the hazardous effects which arise owing to it and to manage it. It has been
very well mentioned in the chapter. The manifestations of defects of iron metabo-
lism in the oral cavity should be carefully studied to improve the prognosis of the
treatment of the same. Disorders related to iron metabolism should be managed for
improvement in the quality of life of the patient.

Keywords: iron metabolism, anaemia, iron toxicity, manifestations in oral cavity

1. Introduction

For optimal erythropoietic function, oxidative metabolism and cellular immunity,
iron is required. Cellular iron overload induces toxicity and cell death by producing
free radicals and oxidising lipids, both of which are required for cellular metabolism
and aerobic respiration. Due to the lack of active iron excretory mechanisms, dietary
iron absorption (12 mg/day) is tightly regulated and closely balanced against iron
loss. Dietary iron is found in two forms: haem (10%) and nonhaem (ionic, 90%),
and both are absorbed in the apical surface of duodenal enterocytes through differ-
ent mechanisms. Iron is exported via Ferroportin 1 (the only one). Absorbed iron
crosses the enterocyte’s basolateral membrane into the circulation (possible iron
exporter), where it binds to transferrin and is transported to utilisation and storage
sites transferrin-bound iron enters target cells via receptor-mediated endocytosis,
mostly erythroid cells but also immune and hepatic cells. Senescent erythrocytes are
phagocytosed by reticuloendothelial system macrophages; haem is metabolised by
haem oxygenase, and the freed iron is stored as ferritin. Later, iron from macrophages
will be exported and transferred to transferrin. The erythropoiesis demands (2030
mg/day) need this internal iron cycle. When transferrin becomes saturated in iron-
overload scenarios, excess iron is transported to the liver, the other principal storage
organ for iron, creating a risk of free radical generation and tissue damage [1].

The fact that iron’s redox pair (Fe(II)/Fe(III) may have potentials varying
from —300 to 700 mV, depending on the nature of the ligands and the surrounding
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environment, contributes to its use. Iron is abundant on the planet’s surface; however,
it is relatively inaccessible. This is an important aspect of iron metabolism. At neutral
pH and in an oxidising environment, iron exists in the three valence state, which is
seen in many common microbial environments. As a result, it is extremely difficult to
dissolve. The presence of iron storage and transport proteins such as ferritin (FTN),
lactoflavin (LFT) and lactoflavin (LFT) limits the amount of iron available to a
microorganism residing in an animal host (LFT). Despite the fact that extremely low
iron concentrations of 1 mmol (5) are usually sufficient for optimal growth yields,
bacteria frequently find themselves in iron-deficient environments and must waste

a significant amount of energy to acquire this metal. It is also worth mentioning

that bacteria can become iron-overloaded, necessitating careful monitoring of iron
intake [1, 2].

Increased iron demands, insufficient external supply and increased blood loss can
contribute to iron deficiency (ID) and iron deficiency anaemia. An overabundance
of hepcidin hinders iron absorption and recycling in chronic inflammation, leading
to hypoferremia and iron-restricted erythropoiesis (functional iron deficiency), and
finally, anaemia of chronic illness (ACD), which can advance to ACD with real ID
(ACD + ID). Hereditary haemochromatosis (HH type I, caused by mutations in the
HFE gene) and hereditary haemochromatosis (HH type II, caused by mutations in
the hemojuvelin and hepcidin genes) can both be caused by low hepcidin expression.
Changes in the transferrin receptor 2 generate HH type III, whereas mutations in the
ferroportin gene induce HH type IV. All of these illnesses show signs of iron excess.
In iron overload scenarios, non-transferrin bound iron develops when transferrin
becomes saturated. A part of this iron (labile plasma iron) is very reactive, leading
to the generation of free radicals. Free radicals induce the parenchymal cell damage
associated with iron overload disorders [3].

The teeth, gingiva, oral tissues and muscles are all affected by these major meta-
bolic anomalies of iron metabolism. These processes influencing the oral cavity must
be well understood in order to block future advancement and create a comprehensive
rehabilitation approach for such persons, taking into consideration the numerous
consequences of improper iron metabolism [4].

2. Iron metabolism
2.11Iron uptake

Owing to certain specific mechanisms (as explained in Figure 1): (1) transport
mechanisms were not required for iron absorption until relatively late in evolu-
tion when the environment became oxidising and iron became insoluble, and (2) a
range of sources can function as iron providers, bacterial iron assimilation happens
via a variety of routes. Many bacteria, in addition, have numerous iron absorption
mechanisms. This allows them to acquire iron from a variety of settings and sources.
Bacteria can get iron from a number of sources, but regardless of where it comes
from, it must be delivered to the cytoplasm through numerous microbial surface
layers. An outside membrane, a peptidoglycan layer, and an innermost intracellular
membrane are the minimum layers for Gram-negative bacteria. The periplasm, or
gap between the outer and inner membranes, is where the peptidoglycan cell wall is
found. Gram-positive cells, on the other hand, may only have an exterior peptidogly-
can cell wall that is thick and strongly cross-linked. On the basis of the iron source
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Figure 1.

G;%zm-negative bacteria’s genervalised high-affinity iron transport mechanism.) The three fundamental
components are shown: (a) an outer membrane receptor protein; (b) a TonB system for activating the receptor
protein; and (c) a cytoplasmic membrane-based periplasmic binding protein-dependent ABC transporter. OM
stands for outer membrane; PG is for peptidoglycan; and CM stands for cytoplasmic membrane.

and the manner in which iron is mobilised, a wide range of iron transport systems
may be differentiated, although they all follow a similar pattern. Passage across the
outer membrane for iron complexed to a carrier requires the presence of an outer
membrane receptor protein with a syntactic domain identical to that of the iron
complexed to a carrier and is iron-controlled. A receptor protein is specialised for
and binds to a certain iron-carrier complex, and it is occasionally generated in large
quantities only when that iron complex is accessible [5].

Second, the cytoplasmic membrane proteins TonB, ExbB and ExbD are required
for iron entry into the periplasm, whether it is complexed or free. Members of the
ABC super transporter family are also engaged in cytoplasmic membrane transport.
The transport components, in this case, include a peripheral cytoplasmic mem-
brane, ATPase with two copies and a distinct ATP-binding site motif, as well as two
hydrophobic cytoplasmic membrane proteins. In summary, an outer membrane
receptor protein, a TonB system and an ABC transporter are required for iron
entrance into the cytoplasm of Gram-negative bacteria. The proton-motive force
and ATP, respectively, are required for passage across the outer and cytoplasmic
membranes. TonB systems have broad specificity, whereas ABC transporters recog-
nise several iron complexes if they are physically related. Outer membrane receptor
proteins bind just one particular iron complex, whereas TonB systems have broad
specificity [6].

The synthesis and secretion of tiny (600-1000 Da) iron-chelating molecules
known as siderophores is a significant method by which bacteria acquire iron.
Siderophores are made up of ordinary amino acids, nonprotein amino acids, hydroxy
acids, and their production does not need ribosomes despite the presence of amide
bonds. Instead, a thiotemplate technique is used, which is quite similar to the one used
to make some peptide antibiotics. The mechanism of iron release from siderophores
is unknown. Free siderophores, or modified forms, are discharged into the medium
when ferrisiderophores enter the cytoplasm. Enzymatic reduction of iron is consid-
ered to be the release mechanism since siderophores: (1) bind Fe(II) less readily than
Fe(III); and (2) the cytoplasm is a reducing environment [7].
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Microbes that can live in oxygen-depleted habitats, such as swamps, intestines
and marshes, or acidic environments, where reduced iron is stable and soluble,
benefit from the ferrous iron transfer. Fe(II) may enter the periplasm through holes
in the outer membrane, and bacteria can transport it through the inner membrane
through a number of mechanisms. Some of these cytoplasmic membrane transport-
ers have a broad transition metal selectivity but just a weak affinity for ferrous iron.
There are, however, systems that exclusively work with Fe(II) as a substrate. The feo
operon encodes one such mechanism that is important in certain bacteria (feoABC)
[8]. Members of the OFeT (oxidase-dependent iron transporter) family, which were
initially discovered in lower eukaryotes, are another widely dispersed group of Fe(II)
transporter proteins. Finally, certain aerotolerant bacteria, such as the Gram-positive
Streptococcus mutans, acquire iron by converting surface-bound Fe(III) to Fe viaa
reductase that is exposed on the cell surface (II). The iron is subsequently delivered
to the cytoplasm by a ferrous ion transporter. The ABC type of ferric iron acquisition
mechanism is found in a variety of Gram-negative taxa, including Serratia, where
it was identified and named Sfu type transport. Fe(III) is accepted by a periplasmic
binding protein, which then delivers it to the transporter’ cytoplasmic components,
which internalise the iron. Uptake systems with outer-membrane components can
also work in tandem with ferric iron transporters [9].

The bulk of iron in animals is found intracellularly in the form of heme (Hm). Hm,
in turn, is a prosthetic group of proteins that includes haemoglobin (Hb), myoglobin
and Hm-containing proteins like cytochromes. Iron assimilation routes that detect
free Hm are similar to those that identify iron-siderophore complexes; they need (1)
a TonB-dependent outer-membrane receptor protein; and (2) an ABC transporter for
cytoplasmic membrane crossing [10]. Hm can be removed from Hb by a variety of
genera. TonB-dependent Hb-binding proteins are found in the outer membranes of
Neisseria and Haemopbhilus spp. Surprisingly, both of these taxa contain additional
TonB-dependent receptors that let them get iron from Hb—Hp complexes. These
Hb-Hp receptors might be made up of two distinct proteins. Serratia marcescens has a
unique mechanism for the first steps in getting iron from Hm or Hb. This bacterium
secretes a tiny protein (HasA) that acts as a hemophore via an ABC transporter
(Hbp). Only Haemophilus strains have been shown to use Hm in conjunction with
hemopexin. The mechanism is not fully understood, but it appears that three genes
are necessary, one of which appears to encode a big secreted Hbp (HxuA). HxuA
binds hemopexin, removes it, and transports it to an outer-membrane receptor [11].

Iron trafficking exemplifies the cycle economy. During erythrocyte phagocytosis,
the majority of iron (20-25 mg/day) is recycled by macrophages; only 1-2 mg of
iron is absorbed daily in the stomach, compensating for a loss of the same amount
(Figure 2) [13]. The duodenum is the location of controlled non-heme iron uptake;
nonheme iron is imported from the lumen via the apical divalent metal transporter
1 after duodenal cytochrome B reductase converts ferric to ferrous iron (DCYTBH)
(DMT1). There are no known mechanisms by which heme iron absorbs more than
non-heme iron. Non-utilised iron in enterocytes is either retained in ferritin (and lost
by mucosal shedding) or exported to plasma through basolateral membrane ferropor-
tin (and lost with mucosal shedding) [14].

Iron availability influences the expression of genes that code for proteins required
for high-affinity iron absorption. Fur is a crucial regulatory protein found in most
Gram-negative and Gram-positive bacteria with low GC content DNA. Fur is an
Apo-repressor, a short histidine-rich polypeptide that binds DNA in the presence of
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its corepressor Fe(II). Fur’s negative regulation of genes does not fully explain iron’s
regulatory actions. Although Fur represses most iron-regulated genes under iron-rich
environments, some are positively controlled by Fur, and others are only activated by
iron in the absence of Fur (Figure 3) [15].

Holo-TF

Figure 2.

On the luminal side of the enterocyte, the metal transporter DMT1 takes up fervous ivon that has been reduced

by DCYTB. After ferrous ivon is oxidised to ferric ivon by hephaestin, iron not utilised inside the cell is either
stored in fervitin (FT) or exported to circulating transferrin (TF) by ferroportin (FPN) (HEPH). Local hypoxia
stabilises hypoxia-inducible factor (HIF)-2, which promotes the expression of the apical (DMT1) and basolateral
(FPN) transporters. Heme is transformed to iron by heme oxygenase once it enters the cell by an unknown

process [12].
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Figure 3.

Main iron metabolism voutes in animals (based on Munoz et al.2). Key: 1, ferriveductase; 2, divalent metal
transporter (DMT1); 3, haem protein carrier 1 (HPC1); 4, haem oxygenase; 5, haem exporter; 6, ferroportin
(Treg-1); 7, hephaestin/caeruloplasmin; 8, transfervin veceptor-1 (TfR1); 9, transfervin receptor-1 (TfR1)
complex; 10, natural resistance macrophage protein-1 (Nvamp-1); 11, mitoferrin; 12, mitochondrial haem
exporter (Abcb6); 13, others: bacteria, lactoferrin, haemoglobinehaptoglobin, haemehaemopexin, and so on; 14,
caeruloplasmin; 15, transferrin veceptor-2 (TfR2).

77



Iron Metabolism - A Double-Edged Sword

2.2 Iron distribution

Transferrin binds to iron in the bloodstream and distributes it to storage and use
sites. Only 30-40% of transferrin’s iron-binding capacity is used in ordinary physiologi-
cal circumstances; hence, transferrin-bound iron is only w4 mg, yet it is the most signif-
icant dynamic iron pool. Transferrin-bound iron penetrates target cells, predominantly
erythroid cells, but also immune and hepatic cells, via a highly specialised method of
receptor-mediated endocytosis (Figure 1). Patches of cell-surface membrane bearing
receptor-ligand complexes invaginate to create clathrin-coated endosomes as distinct
transferrin binds to transferrin receptor 1 (TfR1) at the plasma membrane (sidero-
somes) [16]. A ferrireductase reduces Fe3+ to Fe2+, which is subsequently transferred
to the cytoplasm by DMT1, while TfR1 is recycled to the cell membrane and transferrin
is lost. Mitoferrin, a mitochondrial iron importer, is important in providing iron to fer-
rochelatase for insertion into protoporphyrin IX and to produce haem (the penultimate
step of mitochondrial haem production) within the erythroblast (Figure 1). There are
some indications that iron might be transported straight from the siderosomes to the
mitochondria in growing erythroid cells. Finally, haem exporters transport haem from
mitochondria to cytosol and eliminate excess haem from erythroid cells (Figure 1) [16].

2.3 Iron storage

As senescent erythrocytes are phagocytosed by RES macrophages, haemoglobin
iron turnover is high. Haem is metabolised by haem oxygenase within the phagocytic
vesicles, and the liberated Fe2+ is transported to the cytoplasm by NRAMP1 (natural
resistance-associated macrophage protein-1), a transport protein related to DMT1
(Figure 1). Macrophages may also acquire iron from bacteria and apoptotic cells, as
well as from plasma via the actions of DMT1 and TfR1 (Figure 1) [17]. Iron may be
stored in the cells in two ways: ferritin in the cytosol and haemosiderin in the lyso-
somes when ferritin is broken down. Haemosiderin is found in just a small percentage
of normal human iron reserves, primarily in macrophages, but it rises substantially
when the body is overloaded with iron. Iron storage in macrophages is also safe since
it does not cause oxidative damage. Ferroportin 1, the same iron-export protein found
in the duodenal enterocyte, and caeruloplasmin? are largely responsible for iron
export from macrophages to transferrin (Figure 1) [18]. Macrophage iron recycling
provides the majority of the iron necessary for the daily synthesis of 300 billion red
blood cells (20-30 mg). While a result, internal iron turnover is required to satisfy
the bone marrow needs for erythropoiesis, as daily absorption (1-2 mg) only balances
daily loss. 1-3 The liver is the other major iron storage organ, and the production of
free radicals and lipid peroxidation products in iron-overload conditions can lead to
hepatic tissue damage, cirrhosis, and hepatocellular cancer [19]. TfR1 and TfR2 medi-
ate the liver’s absorption of transferrin-bound iron from plasma (Figure 1), however,
it can also get iron from non-transferrin-bound iron (through a carrier-mediated
mechanism similar to DMT1), ferritin, haemoglobine-haptoglobin complexes, and
haeme-haemopexin complexes. Ferroportin 1 is thought to be the sole protein that
mediates the export of iron from hepatocytes, which is then oxidised by caerulo-
plasmin and attached to transferrin2 (Figure 1). Heart failure is the primary cause
of death in individuals with untreated hereditary haemochromatosis or transfusion-
associated iron overload, thus iron storage in cardiomyocytes is of significant interest.
Excess iron in cardiac cells can cause oxidative stress and impair myocardial function
owing to DNA damage caused by hydrogen peroxide via the Fenton reaction [20].
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2.4 Regulation of iron homoeostasis

Body iron reserves, hypoxia, inflammation and erythropoiesis rate all influence
iron absorption by duodenal enterocytes. The crypt programming model and the
hepcidin model are two regulatory models that have been presented as potential
contributors to iron absorption control [21].

Enterocytes in the crypts of the duodenum take up iron from the plasma via
TfR1 and TfR2, according to the crypt programming hypothesis. The interaction
of cytosolic iron regulatory proteins (IRPs) 1 and 2 with iron-responsive ele-
ments is controlled by intracellular iron content (IREs). IRP1 binds to the IREs
of TfR1, DMT1, and ferroportin 1 mRNA in the absence of iron, stabilising the
transcript, allowing translation to occur and the proteins to be synthesised. As
aresult, increased IRP-binding activity indicates low body iron reserves, which
leads to overexpression of these proteins in the duodenum, boosting dietary iron
absorption. When IRPs attach to ferritin mRNA’s IREs, the transcript’s transla-
tion is interrupted and synthesis is halted. As a result, ferritin concentrations are
inversely controlled, increasing in iron-rich states and decreasing in iron-deficient
conditions [22].

The hepcidin model proposes that hepcidin is produced mainly by hepatocytes in
response to the iron content of the blood. Then, hepcidin is secreted into the blood-
stream and interacts with villous enterocytes to regulate the rate of iron absorption
by controlling the expression of ferroportin 1 at their basolateral membranes. The
binding of hepcidin to ferroportin 1 initially causes Janus kinase 2-mediated tyrosine
phosphorylation of the cytosolic loop of the carrier protein, phosphorylated ferropor-
tin 1 is then internalised, dephosphorylated, ubiquitinated and ultimately degraded
in the late endosome/lysosome compartment. Ferroportin 1 molecules, present in
macrophages and liver, also targets for hepcidin [23].

The sensing process most likely includes local iron-induced synthesis of bone
morphogenic proteins (BMPs) such as BMP6 within normal iron concentration
limits. BMP6 interacts with hepatocyte cell surface BMP receptors (BMPRs) I
and II, as well as the BMP coreceptor, haemojuvelin (HJV), triggering an intracel-
lular signal by phosphorylation of small mothers against decapentaplegic (Smad)
proteins. Before translocating to the nucleus and triggering hepcidin expression14,
phosphorylated Smad1, Smad5 and Smad8 form a complex with the shared mediator
Smad4 (Figure 2). The soluble form of HJV (sHJV), whose release (HJV shedding)
is prevented by rising extracellular iron concentrations, is thought to compete with
its membrane-anchored counterpart for BMPR binding, resulting in iron-sensitive
hepcidin expression16 (Figure 2). Other mediators and modulators, including Smad6
and Smad7, may be stimulated by iron, and these mediators and modulators appear to
dampen the signal for hepcidin activation (Figure 2) [24].

2.5 Effects of inflammation on iron homoeostasis and erythropoiesis

Cancer, rheumatoid arthritis, inflammatory bowel disease, congestive heart
failure, sepsis and chronic renal failure are all known to induce persistent inflamma-
tion. This anaemia might be caused by the underlying process activating the immune
system, as well as immunological and inflammatory cytokines such as tumour
necrosis factor alpha (TNFa), interferon-gamma (IFNg), interleukins (IL) 1, 6, 8, and
10. Several pathophysiological processes (cytokines) may be implicated in anaemia of
chronic disease (ACD) (Figure 3) [25]:
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1. Dyserythropoiesis, red blood cell destruction, and increased erythrophagocyto-
sis cause a reduction in red blood cell half-life (TNFa).

2.Inadequate EPO responses for the degree of anaemia in most, but not all,
patients, such as those with juvenile chronic arthritis with systemic start
(IL-1 and TNFa).

3. Erythroid cell response to EPO is impaired (IFNg, IL-1, TNFa, hepcidin).

4.Erythroid cell growth and differentiation are slowed (IFNg, IL-1, TNFa, and
al-antitrypsin).

5. Pathological iron homoeostasis caused by increased DMT1 (IFNg) and TfR (IL-10)
expression in macrophages, decreased ferroportin 1 expression in enterocytes
(inhibition of iron absorption) and macrophages (inhibition of iron recirculation),
and increased ferritin production ‘(TNFa, IL-1, IL-6, IL-10) (increased iron stor-
age) Inflammatory cytokines like IL-6’ activate Janus kinases, which phosphorylate
Stat3 and activate it, which upregulate hepcidin transcription. Stat3 translocation
to the nucleus and binding to the Stat response element in the proximal promoter
of the hepcidin gene leads to enhanced hepcidin release. This element appears to be
controlled by Smad activation, which is necessary for complete promoter activity,
via the adjacent BMP-responsive element. The SmadeStat complex, which puts
the distal and proximal areas of the hepcidin promoter into physical contact, is
hypothesised to interact with a distal BMP responsive element location. As a result,
it appears that Smad signalling is critical for the appropriate staging of the inflam-
matory response. Stat3 activation has also been demonstrated to modulate hep-
cidin levels without producing inflammation (for example, people with glycogen
storage disease type 1a who had hepatic adenomas overexpressed hepcidin due to
Stat3 activation)46 (Figure 2). Stress mechanisms signalling through the cellular
endoplasmic reticulum unfolded protein response have also been shown to stimu-
late hepcidin production. The hepatic acute-phase response to LPS, IL-6 and IL-1b
has been related to the unfolded protein response, suggesting that hepcidin gene
expression may be regulated by another layer of endogenous regulation during
inflammation (Figure 2). Low blood iron and reduced transferrin saturation are
produced by iron diversion to the RES (functional iron deficit, FID), iron-restrict-
ed erythropoiesis, and mild-to-moderate anaemia, despite normal or high serum
ferritin levels [26].

3. Defects of iron metabolism
3.1Iron deficiency

In the human body, there is a balance between iron absorption, iron transit and
iron storage under physiological circumstances. ID and iron deficiency anaemia (IDA)
can be caused by a combination of three risk factors: higher iron needs, restricted
external supply and increased blood loss [27]. There are two types of ID: absolute
and functional. Iron reserves are reduced in absolute ID; in functional iron deficiency
(FID), iron stores are full but cannot be mobilised as quickly as needed from the RES
macrophages to the bone marrow. Diagnostic tests with values are given in Table 1.
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Laboratory tests Conventional units
Serum Iron 50-150 ug/dl
Transferrin 200-360 mg/dl

Transferrin Saturation

20-50%

Ferritin (Ft)

30-300 ng/ml

Soluble transferrin receptors

0.76-1.76 mg/1

Ratio of sTfR to Serum Ft <1
Haemoglobin 12-16 g/dl (women); 13-17 g/dl (men)
MCV 80-100 {1
Red Cell Distribution 11-15
MCH 28-35pg
Hypochromic red cells <5%
Reticulocyte haemoglobin content 28-35pg
Table1.

Depicting tests required for determination of iron metabolism anaemia.

3.1.1 Iron deficiency anaemia

Patients with low Hb (13 g/dl for males and 12 g/dl for women), TSAT (20%) and
ferritin (30 ng/ml) concentrations but no indications of inflammation should be evalu-
ated to have IDA. Instead of ‘mean corpuscular volume (MCV)’, the MCH has emerged
as the most significant marker for red cells for identifying ID in RBCs, which are circulat-
ing (Figure 1). MCV is a generally available and reliable measurement, although it is
a late indication in individuals who are not bleeding actively [28]. When MCV is low,
thalassaemia must be considered a differential diagnosis. When there is a concurrent
folate deficiency or vitamin B12, reticulocytosis post-bleeding, early response to oral iron
therapy, alcohol use, or moderate myelodysplasia, individuals may present with IDA but
no microcytosis. Human serum contains a shortened, ‘soluble version of the transferrin
receptor (sTfR)’, whose concentration is proportional to the total number of cell surface
transferrin receptors [29]. Although the amount is not defined and depends on which
reagent kit is used, normal median values are 1.2-3.0 mg/I. Even during chronic illness
anaemia, increased sTfR values suggest ID. Elevated erythropoietic activity without ID,
during reticulocytic crises, and in congenital dyserythropoietic anaemias are all examples
of increased sTfR levels. Lower sTfR levels, on the other hand, might indicate a reduction
in the number of erythroid progenitors. Despite the fact that sTfR levels in simple IDA
are generally high or extremely high, they are not usually necessary for diagnosis [30].

3.1.2 Anaemia of chronic disease

The following should be present in patients with chronic disease anaemia (ACD),
also known as anaemia of inflammation: Hb concentration of 13 g/dl for men and
12 g/dl for women; a low TSAT (20%) but normal or increased serum ferritin concen-
tration (>100 ng/ml) or low serum ferritin concentration (30100 ng/ml) Evidence
of chronic inflammation (e.g. elevated CRP); and a s ACD, like FID, is common in
people with inflammatory illness but no visible blood loss (e.g. rheumatoid arthritis,
renal failure or chronic hepatitis) [31].
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3.2 Iron overload

Levels of Hepcidin are excessively lower-degree of overload of iron in idiopathic
iron overload illness and primary haemochromatosis. This is due to mutations in the
genes that code for ‘HFE (haemochromatosis type 1)’, ‘haemojuvelin (HJV; juvenile
haemochromatosis 2a)’, and ‘transferrin receptor 2 (TfR2; haemochromatosis type
3)’; these mutations cause hepcidin synthesis to be dysregulated [32]. The only excep-
tions are mutations that disrupt hepcidin or ferroportin (juvenile haemochromatosis
2b) (haemochromatosis type 4). Low plasma hepcidin causes high ferroportin levels,
allowing for greater iron absorption, hepatic iron overload and low iron levels in
macrophages. In addition, non-transferrin bound iron emerges as transferrin gets
saturated in iron-overload situations. A portion of this labile plasma iron is extremely
reactive, resulting in the production of free radicals. Despite the fact that the HFE
gene has at least 32 mutations, the most prevalent form of haemochromatosis type 1
is caused by the missense Cys282Tyr mutation. Haemochromatosis type 1 is a disease
with a wide range of penetrance and heterogeneity, although the Cys282Tyr mutation
is found in the great majority of people with the disorder. Because the Cys282Tyr
mutant HFE protein is unable to bind b2 microglobulin, it does not reach the cell
membrane, resulting in a misfolded, non-functional protein. Iron overload can be
caused by mutations in the ferroportin gene (haemochromatosis type 4) that result
in the loss of iron-export capacity, hyperferritinaemia with no increase in transfer-
rin saturation, and macrophage iron overload, or a loss of hepcidin-binding activity,
which has been linked to iron overload. Plasma hepcidin levels rise in cases of second-
ary iron overload-induced by persistent transfusion treatment (e.g. severe thalas-
semia, aplastic anaemia, etc.), prompting ferroportin breakdown. Increased amounts
of diferric transferrin, which are elevated in iron overload, promote TfR2 expression
at the hepatocyte membrane. When diferric transferrin binds to TfR2, HJV cleavage
by furin is blocked, inhibiting the release of soluble HJV and resulting in enhanced
cell-surface HJV-mediated response to BMPs and higher hepcidin levels. Iron absorp-
tion from the stomach is restricted, macrophage export is inhibited, and iron storage
is increased when ferroportin levels are low [33].

3.3 Assessment of defective iron metabolism
3.3.1 Laboratory assessment of 1D

Measurements indicating iron depletion in the body and measurements indicat-
ing iron-deficient red cell production are the two types of laboratory tests used to
investigate ID (Table 1). The right mix of these blood tests will aid in determining the
precise diagnosis of anaemia and ID status (Figure1).

3.3.2 Assessment of iron overload

The first step in diagnosing iron overload is to suspect it (e.g. dark skin, fatigue,
arthralgia, cardiomyopathy, hepatomegaly, endocrine disorder, etc). However, aber-
rant TSAT (>45 per cent) and/or elevated ferritin in serum (>200 ng/ml in women,
>300 ng/ml in males) are commonly discovered. In practice, normal transferrin
saturation can be used to rule out the possibility of iron overload. The sole excep-
tion is the occurrence of an inflammatory state, which might disguise an increase
in TSAT, which is why CRP and transferrin saturation should be checked jointly.
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In non-iron-overload circumstances, such as significant cytolysis (eg. acute hepatitis),
which raises plasma serum iron and/or hepatic failure, reduces plasma transferrin
concentrations, elevated TSAT can be detected. Other causes of hyperferritinaemia
should be checked out in the presence of elevated ferritin in serum but not increased
TSAT (eg. cell necrosis, alcohol, inflammation, metabolic disorder, etc). The clinical
context, as well as testing Hb (to rule out chronic inflammatory anaemia), transami-
nases, cancer and prothrombin index, can readily remove any difficulties in interpret-
ing TSAT readings (to exclude hepatic disease) [34].

The second diagnostic step, particularly in Caucasian individuals, is to rule out
HFE mutations in gene. Because further mutations in HFE are exceedingly rare, the
HFE genotype is frequently regarded as ‘wild type’ in clinical practice, once the pres-
ence of the two most prevalent (Cys282Tyr and His63Gly) mutations has been ruled
out. Nonetheless, the potential of a family problem should be addressed at all times: a
dominant disorder is usually indicative of ferroportin disease [35].

Before beginning costly and time-consuming searches for mutations in additional
genes, the third diagnostic step is to establish increased total body iron. The exact
molecular diagnosis, which needs evidence of the nucleotide mutation at the DNA
level, is the fourth stage. However, the efficacy of molecular diagnostics is frequently
questioned because it is costly, time-demanding and, in certain situations, unable to
produce a precise diagnosis [36].

4, Iron metabolism and the oral health
4.11Iron deficiency anaemia

The most prevalent kind of anaemia is iron deficiency anaemia (IDA), which
affects more women than males. Due to persistent blood loss associated with heavy
menstrual flow, it is estimated that 20% of women of reproductive age in the United
States are iron deficient. Furthermore, 2% of adult males are iron deficient due to
persistent blood loss caused by gastrointestinal illnesses including peptic ulcer,
diverticulosis, or cancer [37].

4.1.1 Symptoms

Atrophic glossitis (AG), extensive oral mucosal atrophy and pain or burning
feeling of the oral mucosa are some of the oral symptoms and indicators. However,
itis yet unknown if IDA patients may experience distinct oral signs and, if so, what
percentage of IDA patients experience these oral manifestations. Burning sensation
of the oral mucosa (76.0 per cent), lingual varicosity (56.0 per cent), dry mouth
(49.3%), OLP (33.3 per cent), AG (26.7 per cent), RAU (25.3 per cent), numbness of
the oral mucosa (21.3 per cent) and taste dysfunction (12.0 per cent) were the most
commonly manifested oral manifestations. IDA patients had considerably greater
rates of all oral symptoms, such as oral mucosa burning, lingual varicosity, dry
mouth, oral mucosa numbness, and taste impairment than healthy controls.

4.1.2 Pathophysiology

Anaemia sufferers have low haemoglobin levels, which means they do not get
enough oxygen to their mouth mucosa, causing it to atrophy. Iron deficiency can
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induce oral mucosa atrophy because iron is required for proper oral epithelial

cell activity, and in an iron deficiency condition, oral epithelial cells turn over
more quickly, resulting in an atrophic or immature mucosa. The health of the oral
epithelium is linked to iron and vitamin B12.

In BMS patients, long-term dry mouth and iron or vitamin B12 deficiency may
produce at least partial atrophy of the tongue epithelium, however, the change is so
mild that clinical visual examination cannot detect it. As a result, spicy chemicals
in saliva might readily permeate past the atrophic epithelium into the subepithelial
connective tissue of the tongue mucosa, irritate free sensory nerve endings, and cause
tongue burning and numbness. A minor sign of BMS was loss or malfunction of taste.
Because the taste cells in taste buds can only sense dissolved compounds, the chemical
components should be dissolved in saliva.

The majority of BMS patients were found to have xerostomia. In BMS patients,
decreased saliva output leads to a loss or malfunction of taste. Oral candidiasis,
vitamin B12 insufficiency, iron deficiency and medicine have all been linked to taste
loss or malfunction. Femiano et al. have looked into the causes of taste disturbance in
BMS patients. Of the 142 BMS patients, 61 had a documented history of drug use that
interfered with taste perception, 35 had pathologies or a past history of drug use that
were known to impact the gustatory system, and the other 46 had no related disease
or regular drug use [38].

Varicosities are abnormally dilated, and convoluted veins are observed on the
ventral surface of the tongue in elderly people due to a decrease in connective tissue
tone that supports the veins. Furthermore, xerostomia is a prevalent issue that affects
25% of the elderly population. Xerostomia can be caused by a variety of developmen-
tal, iatrogenic, systemic and local causes. Older individuals, on the other hand, are
more likely to develop xerostomia, as a result of pharmaceuticals, as they are more
likely to use drugs that induce xerostomia to treat their systemic or psychotic diseases.
The average age of 399 BMS patients in Wang Y et al’s research was 59.7 years. As a
result, it is not unexpected that 92.5 per cent of 399 BMS patients had lingual varicos-
ity and 75.7 per cent had dry mouth. Oral candidiasis is more common in persons with
xerostomia because normal and adequate saliva can offer cleaning and antibacterial
action. We believe that the candidiasis on the tongue surfaces of BMS patients is
attributable, at least in part, to the high prevalence of dry mouth (75.7%).

4.1.3 Management
4.1.3.1 Oral ivon

In most therapeutic situations, oral iron supplementation is sufficient. In the
absence of inflammation or severe continuous blood loss, oral iron, usually in the
form of ferrous salts, can be used to treat anaemia if large dosages are tolerated.
Although traditional knowledge holds that up to 200 mg of elemental iron per day is
necessary to treat IDA, this is erroneous and lesser amounts can be effective as well.

Early research suggested that taking iron with vitamin C might help with iron
absorption because more ferrous iron is kept in the solution. However, findings
suggest that co-administration of these drugs might cause serious toxicity in the
gastrointestinal tract. Furthermore, while taking oral iron away from meals is often
suggested to increase absorption, it also increases gastric intolerance, which reduces
compliance. Furthermore, some antibiotics (primarily quinolones, doxycycline, tet-
racycline, chloramphenicol, or penicillamine), proton pump inhibitors, and anti-acid
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medication (aluminium, bicarbonate, zinc, or magnesium salts), levodopa, levothy-
roxine, cholestyramine, phytates (high-fibre diets), soy products, ibandronate, etc.

Non-absorbed iron salts, on the other hand, can produce a variety of highly reac-
tive oxygen species, such as hypochlorous acid, superoxides and peroxides, which can
cause digestive intolerance, resulting in nausea, flatulence, abdominal pain, diarrhoea
or constipation and black or tarry stools, as well as relapsed inflammatory bowel
disease. As a result, smaller iron salt dosages (e.g. 50-100 mg elemental iron) should
be advised. The Ganzoni method may be used to determine the total iron deficiency
(TID): TID (mg) 14 weight (kg) 3 (ideal Hb e actual Hb) (g/dl) 3 0.24 + depot iron
(500 mg). An individual, weighing 70 kg, with a haemoglobin level of 9 g/dl would
have a body iron shortfall of around 1400 mg, according to this calculation.

4.1.3.2 Parenterval ivon

Parenteral iron is traditionally used to treat intolerance, contraindications, or an
insufficient response to oral iron. However, in circumstances when there is a limited
time until surgery, severe anaemia, especially if it is accompanied by considerable
continuous bleeding or the use of erythropoiesis-stimulating drugs, parenteral iron is
now an effective therapy. Because they provide various benefits over oral supplements,
modern intravenous iron formulations have emerged as safe and effective options for
anaemia therapy. In normal persons, intravenous iron delivery allows for a fivefold
erythropoietic response to substantial blood loss anaemia,19 Hb begins to rise after a few
days, the percentage of responsive patients increases, and iron reserves are replenished.
Increasing iron reserves is beneficial, especially for patients using erythropoiesis-stimu-
lating drugs. In clinical practice, iron gluconate, iron sucrose, high molecular weight iron
dextran (HMWID), low molecular weight iron dextran (LMWID), ferric carboxymalt-
ose, iron isomaltoside 1000 and Ferumoxytol are the most commonly used products.

4.1.4 Changing microflora in patients with ida and its corelation with infective
endocarditis

The link between oral microbiota and IE (infectious endocarditis) has long been
known. Infectious endocarditis is caused by opportunistic infections in normal oral
flora entering the circulation through everyday mouth washing or invasive dental
treatments. In vitro iron deficiency causes a dramatic change in the oral microbiota
community, with higher proportions of taxa linked to infective endocarditis. Iron
deficiency anaemia is utilised as an in vivo model to evaluate the association between
insufficient iron availability, oral microbiota, and the risk of IE, as well as to perform
population amplification research. In a research by Xi R et al., 24 patients with primary
iron deficiency anaemia (IDA) from the haematology department of West China
Hospital, Sichuan University, and 24 healthy controls were included from 2015.6 to
2016.6. The dental plaque microbiota of 24 IDA (iron-deficiency anaemia) patients and
24 healthy controls were compared using high-throughput sequencing. Internal diver-
sity in the oral flora is reduced as a result of iron shortage. Corynebacterium, Neisseria,
Cardiobacterium, Capnocytophaga and Aggregatibacter had considerably greater pro-
portions in controls, whereas Lactococcus, Enterococcus, Lactobacillus, Pseudomonas
and Moraxella had significantly larger proportions in the IDA group (P 0.05).
Lactococcus, Enterococcus, Pseudomonas and Moraxella relative abundances were
substantially inversely linked with serum ferritin concentrations (P 0.05). In vivo iron
shortage altered the organisation of the oral microbiome population. When compared
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to healthy controls, people with IDA had lower total bacterial diversity and different
taxonomic makeup. The IDA group had greater proportions of the genera Lactococcus,
Enterococcus, Pseudomonas and Moraxella, whose abundance was likewise statistically
and adversely linked with serum ferritin levels. Because the IDA group has a high rate
of penicillin resistance, the typical use of preventive penicillin may be ineffective. The
findings of a disproportionate oral microbiota suggest that more targeted antibiotic
usage with various groups may be required before dangerous oral surgeries.

4.2 Iron overload

Hemochromatosis is the abnormal accumulation of iron in parenchymal organs,
leading to organ toxicity. It is the most common inherited liver disease in whites and
the most common autosomal recessive genetic disorder. Genetic haemochromatosis
(GH), which is related to the HFE gene p.Cys282Tyr mutation, is the most common
form of inherited iron overload disease in European population descendants.

4.2.1 Symptoms

The classic tetrad of manifestations resulting from hemochromatosis consists
of: (1) cirrhosis, (2) diabetes mellitus, (3) hyperpigmentation of the skin and teeth,
and (4) cardiac failure. Clinical consequences also include hepatocellular carcinoma,
impotence and arthritis (Figures 4 and 5) [9].

Symptoms can vary from burning mouth syndrome to bald and inflamed
tongue [9].

Figure 4.
Tongue anomaly of ivon deficiency anaemia.
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Figure 5.
Balding of tongue seen due to ivon deficiency anaemia.

4.2.2 Pathophysiology

Periodontitis is linked to an inflammatory response triggered by changes in the
subgingival biofilm. Inflammation causes iron sequestration inside macrophages in
healthy people, depriving bacteria of iron. Iron bioavailability in biological fluids,
particularly those of the oral cavity, is enhanced in GH patients with excessively high
TSAT, resulting in an increased risk of severe periodontitis. The existence of iron
deposits in oral tissues of haemochromatosis patients has also been documented in the
literature (Figure 6). The majority of people with haemochromatosis are now asymp-
tomatic, and the skin and mucosal colouration caused by iron deposits have improved
dramatically. The occurrence of asymptomatic iron deposits in oral tissues, however,
cannot be ruled out [10, 11].

Iron is connected with transferrin in plasma, which increases its bioavailability
for cells. The ratio between the total number of iron-binding sites on patient plasma
transferrin and the number of binding sites occupied by iron is known as transfer-
rin saturation (TSAT). TSAT is normally seen in the range of 20% to 45 per cent.
Hepcidin regulates systemic iron metabolism, and its expression level is tuned to
TSAT to regulate plasma iron levels. Hepcidin insufficiency is a symptom of GH,
which is caused by a change in the HFE-linked transduction signalling pathway.
TSAT levels rise as a result of the iron outflow from macrophages and enterocytes.
Non-transferrin-bound iron (NTBI), an aberrant biochemical type of iron, arises in
the plasma when TSAT surpasses 45 per cent. The liver and heart are particularly vul-
nerable to NTBI, which explains why the typical type of GH causes hepatic cirrhosis
and diabetes. However, in the absence of cirrhosis or diabetes, the majority of GH
patients remain asymptomatic or have chronic tiredness, abnormal serum transami-
nase levels, rheumatism, and osteoporosis. Cells manufacture ferritin to store excess
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Figure 6.
Staining of teeth seen due to ivon deficiency anaemia.

iron in order to avoid iron toxicity. As a result, the tissue iron reserves are reflected in
plasma ferritin levels. The standard treatment is phlebotomy therapy, which is used to
take out excess iron and then prevent it from being reconstituted. The gold standard
for both initial treatment and maintenance therapy, according to the leading interna-
tional standards, is serum ferritin levels of less than 50 g/L [13].

4.2.3 Management

Iron depletion would lessen or eliminate the risk of iron-mediated tissue harm,
according to the earlier reasoning for blood removal in all patients with haemochro-
matosis. This may help to avoid or lessen the severity of some haemochromatosis
problems after iron deficiency. Dyspnoea, pigmentation, weariness, arthralgia, or
hepatomegaly may be reduced, and diabetes mellitus management and left ventricu-
lar diastolic function may be improved. The progression of hepatic cirrhosis, as well
as the increased risk of primary liver cancer, hyperthyroidism and hypothyroidism,
are largely unaffected.

Standard therapy for most patients with haemochromatosis and iron overload is
weekly blood removal to bring ferritin levels into the low reference range (20-50 ng/
ml), followed by a life-long maintenance phlebotomy schedule to maintain ferritin
levels at around 50 ng/ml, for preventing or treating iron overload. The number
of units to be removed can be calculated using the following formula: 1 ng/ml fer-
ritin corresponds to nearly 8 mg mobilisable iron in the absence of hepatic necrosis
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or another source of inflammation that causes hyperferritinaemia, and a 500 ml
blood unit contains approximately 200 mg iron. To achieve iron depletion, a patient
with serum ferritin of 1000 ng/ml will likely require the removal of 40 units of
blood. Traditional phlebotomy or erythrocytapheresis can be used to remove blood.
Traditional phlebotomy (250-500 mL once or twice weekly during the initial phase,
depending on patient’s characteristics and level of iron overload, followed by 500 mL
every 2-4 months for the rest of one’s life) is effective for iron depletion, but it neces-
sitates normal erythropoiesis and frequent visits to a healthcare facility, and some
patients report intolerance. Blood taken for therapeutic phlebotomy at blood donation
facilities can be used to supplement the blood supply for transfusion, according to
new US Food and Drug Administration rules (Title 21, Code of Federal Regulations,
Section 640.120). (21 CFR 640.120). Isovolaemic, large-volume erythrocytapheresis,
on the other hand, removes more blood erythrocytes each session than phlebotomy
while leaving plasma proteins, coagulation factors, and platelets alone. As a result,
therapeutic erythrocytapheresis is a quick and safe procedure that may be recom-
mended in the early stages of treatment for individuals with significant iron excess.
Although a single therapeutic erythrocytapheresis session is more expensive, the
overall expenditures to cause iron depletion are comparable to or less expensive than
therapeutic phlebotomy; yet, the treatment is only available in limited quantities
(special apparatus and facilities, trained personnel, etc). Both treatments, however,
have comparable side effects: transitory hypovolaemia; weariness (Hb levels should
not go below 11 g/dl); enhanced iron absorption; citrate response (erythrocytapher-
esis alone); or iron insufficiency if proper monitoring is not performed. Iron chelation
therapy, on the other hand, is seldom optimal for patients with haemochromatosis,
unless they are unable to undertake phlebotomy therapy due to expense, probable
toxicity and a lack of proof of benefits. Finally, while dietary restrictions (e.g. low
meat consumption, abstinence from alcohol, restricted use of vitamin and mineral
supplements, etc.) and medications to reduce iron absorption (e.g. proton pump
inhibitors) appear to be reasonable options for patients with haemochromatosis, they
have yet to be evaluated in prospective randomised clinical trials [14].

4.2.4 Iron chelation therapy

In patients with acquired iron overload (e.g. anaemia dependent on transfusion),
iron-excess management and management of toxicity due to excess iron with chela-
tion have been shown to lower iron burden and increase survival. Patients with serial
serum ferritin levels more than 1000 ng/ml and a total infused red blood cell volume
of 120 ml/kg of body weight or higher should be treated with chelation treatment,
according to recent consensus recommendations. During chelation therapy, serum
ferritin levels should be checked every three months to determine that the medica-
tion is effectively lowering iron levels. Deferasirox is cost-effective when compared
to standard parenteral iron chelation therapy with deferoxamine, according to cost
analyses conducted in the United Kingdom and the United States. This is primarily
due to the quality-of-life benefits derived from the simpler and more convenient mode
of oral administration. The first results from a phase I/II investigation of deferasirox
in HFE-haemochromatosis show that a dosage of 5-10 mg/kg/day is sufficient to
decrease iron burden, and a randomised trial comparing deferasirox to phlebotomy is
now underway [32].

89



Iron Metabolism - A Double-Edged Sword

5. Iron metabolism and its effect on caries, microhardness of tooth and
discoloration

Although research on iron salts compounds and iron ions support the cariostatic
concept, it is difficult to make definitive statements about iron loss owing to a range
of chemicals and additives. In the context of a cariogenic diet, however, it appears that
specific drops in iron content have a static effect on caries. In light of the current data,
it is likely reasonable to state that if a kid consumes carbohydrates that are utilised
by cariogenic bacteria, the cariostatic impact might be calculated based on iron drop
intake (especially the form of ferrous sulfate. Ferrous Sulphate affects the most as
proven in the literature) [33].

In a case—control study by Schroth et al. which aimed to contrast ferritin and
haemoglobin levels between preschoolers with S-ECC and caries-free controls, it was
concluded that children with S-ECC (severe early childhood caries) appear to be at
significantly greater odds of having low ferritin status compared with caries-free
children. Children with S-ECC appear to have significantly lower haemoglobin levels
and appear to be at significantly greater odds for iron deficiency when compared with
caries-free controls.

In the realm of microhardness, the presence of iron in combination with sucrose
has resulted in a decrease in the microhardness changes of cow and human enamel.
Furthermore, in both in vitro and in vivo conditions, adding iron to acidic liquids
reduces demineralization. There is still debate over the mechanism of action of such
an ion and its different forms, and this is a fascinating study subject.

Consumption of iron-rich foods (eggs, vegetables, etc.) tends to promote the
bacterial growth that produces colouration which is black in the teeth. It has been
shown that children with black pigmentations have more calcium and phosphate in
their saliva, which can boost the saliva’s buffering qualities and lead to a reduction
in the occurrence and prevention rate of decay in the presence of pigmentation.
However, the relationship between pigmentation, food, oral flora decay and has yet to
be found. The combination of iron and sulphide ions produced by bacteria activity is
mainly responsible for the iron drop’s colour. To justify no indication of colour change
in all consumers, the colour change varies with varied iron drop consumption, which
might be connected to the total quantity of iron accessible in each drop, the acidity
and drops’ capacity to etch the surface of the tooth, any bacterial flora, individual’s
diet and so on [39].

6. Conclusion

The study of microbial iron metabolism is gaining popularity. Initial research on the
subject revealed the many ways in which bacteria get iron, began to unravel the crucial
function of iron in bacterial metabolism and revealed the means and demand for
precise iron absorption management. Iron’s role in bacterial pathogenesis has been well
documented, and it is currently taken into account in all investigations of prokaryotic
pathogens. Basic investigations using E. coli and its relatives have given way to studies
of less known, and more difficult to grow, organisms, although still incomplete and
giving unexpected discoveries, such as the discovery of glucosylated derivatives of
enterobactin. Biogenesis research in magnetotactic bacteria has the potential to identify
pathways that govern biomineralisation and give insight into organelle development.
The potential biotechnology implications of dissimilatory iron reduction research are
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also intriguing. Because of the extensive and essential role played by environmental
interactions between bacteria and iron, geologists, ecologists, environmental and

chemical engineers, and physicists, among other professions, have entered the topic.
There is a good chance that numerous exciting new discoveries will be made.
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Chapter 6

Ferroptosis: Can Iron Be
the Downfall of a Cell?

Asuman Akkaya Firat

Abstract

Ferroptosis is one of the forms of programmed cell death. Besides being a necessary
micronutrient, iron is the key element that initiates ferroptosis in the cell. Intracellular
unstable iron accumulation increases the amount of intracellular ROS, especially by
the peroxidation of unsaturated membrane phospholipids. Insufficient antioxidant
capacity and decreased glutathione levels play an important role in this process. The
research reveals that an imbalance between unoxidized polyunsaturated fatty acids
(PUFAs) and oxidized PUFAs, particularly oxidized arachidonic acid, accelerates fer-
roptosis. These oxidative reactions change the permeability of lysosomal and cellular
membranes and cell death occurs. Iron chelators, lipophilic antioxidants, and specific
inhibitors prevent ferroptosis. In addition to being accepted as a physiological process,
it seems to be associated with tissue reperfusion damage, ischemic, neurodegenerative
diseases, hematological and nephrological disorders. Ferroptosis is also being explored
as a treatment option where it may offer a treatment option for some types of cancer. In
this section, the brief history of ferroptosis, its morphological, molecular, and patho-
physiological features are mentioned. Ferroptosis seems to be a rich field of research as
a treatment option for many diseases in the future.

Keywords: ferroptosis, iron, RCD (regulated cell death), ROS (reactive oxygen
species), lipid peroxidation (LP)

1. Introduction

Iron is an essential micronutrient for all living cells. Microorganisms, plant, ani-
mal, and human cells need iron to sustain their vital reactions. However, iron overload
can cause various metabolic problems and even cell death. Ferroptosis, which has
been revealed in the past years, is a form of regulated cell death that develops depend-
ing on the increase in the iron load in the cell [1, 2].

Recently, many new cell death modalities have been described. All cell death is
considered primarily “regulated cell death” (RCD) and “accidental cell death” (ACD).
The accidental cell death occurs in the cell exposed to chemical and physical attacks,
independent of genetic coding and molecular pathways. Accidental cell deathisa
biologically uncontrolled process. Whereas regulated cell death requires signaling
cascades and biologically effector molecules. RCD includes apoptosis, necroptosis,
autophagy, ferroptosis, pyroptosis, entotic cell death, netotic cell death, parthanatos,
lysosome-dependent cell death, alkaliptosis and oxeiptosis [1].
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RDC was first observed in the dying cells of frogs by Karl Vogt in 1842 [1]. Kerr coined
the term “apoptosis” for the first time in 1972. Kerr et al. defined apoptosis as a form of
programmed cell death (PCD) with morphological changes that differ from necrosis [2].
A new milestone was the identification of CED9 (also known as BCL2 in mammalian
cells) and CED4 (also known as apoptotic peptidase activating factor 1 [APAF1] in
mammalian cells) from Caenorhabditis elegans development studies in the 1990s [1, 3-5].
RCD is also known as PCD when it occurs in physiological conditions [6]. Apoptosis is
considered one of the main reference forms when examining cell death models. Thus,
studies on apoptosis accelerated and it was revealed that it can develop in two different
ways as intrinsic and extrinsic apoptosis. In recent years, many research results have been
revealed about other sub-titles of RCD. The current classification system of cell death has
been updated by the Nomenclature Committee on Cell Death (NCCD), which formulates
guidelines for the definition and interpretation of all aspects of cell death since 2005 [7].

Ferroptosis is a new type of programmed cell death. In 2003, Dolma et al. discovered
the molecule erastin (ST), which has a selective lethal effect on cancer cells that express
the RAS family of small GTPases (HRAS, NRAS, and KRAS) protein. The pattern of
cell death induced by erestin was different from the previous ones. This new form of
cell death did not show any nuclear morphological changes, DNA fragmentation, or
caspase activation. In addition, this process was irreversible with caspase inhibitors [8].
Yang and Yagoda found the RSL3 (Ras select and lethal 3) component that inhibits this
cellular death pattern and revealed that this cell death process can be stopped by iron
chelators [8-10]. Erastin and RSL3 treatment do not induce morphological changes
consistent with apoptosis, such as cleavage of ADP-ribose polymerase (PARP). The
mechanism of cell death induced by erastin and RSL3 is not attenuated by deletion
of the intrinsic apoptotic effectors BCL-2-associated X protein (BAX) and a small
molecule inhibitor of BCL-2 antagonist/killer 1 (BAK). These differences distinguish
the newly described cell death mechanism from apoptosis, autophagy, and necroptosis.
Furthermore, neither mitochondrial ROS production nor Ca*? influx is required for
cell death in ferroptosis to occur. Erastin has also been found to cause mitochondrial
dysfunction by affecting voltage-dependent anion channels (VDAC) [10]. The term fer-
roptosis was first used by Dixon et al. For cell death in cancer cells with RAS mutations
in 2012. This newly recognized form of cell death can be initiated by iron accumulation
and prevented by iron-binding chelators. That’s why it’s called ferroptosis [8-11].

2. Morphological features of ferroptosis

Ferroptosis is characterized as a cell death model defined as morphologically,
reduced mitochondrial volume, decreased or completely absent mitochondrial cristae,
increased bilayer membrane density, while the cell membrane is intact, the nucleus
remains normal in size, and there is no increase in chromatin density [10, 11]. On
electron microscopy, it looks similar to the typical dysmorphic mitochondrial appear-
ance caused by Erastin treatment [12]. Biochemically, intracellular glutathione (GSH)
depletion, decreased activity of glutathione peroxidase 4 (GPX4) enzyme, inability
to metabolize lipid peroxides, and accumulation of large amounts of ROS (Reactive
Oxygen Space) due to iron initiate a lethal process similar to Fenton’s reaction and
genetically regulated by many genes that have not yet been elucidated [13]. Cancer cells
with highly active RAS-RAF-MEK (Receptor Tyrosine Kinases) pathways are suscep-
tible to ferroptosis. The genetic mechanisms that regulate ferroptosis may be related to
iron homeostasis and lipid peroxidation [14]. Ferroptosis shows similarities to pathways
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in other RDC types. Iron-dependent lipid peroxide accumulation is considered to be the
basis of the ferroptosis mechanism. It is thought to be a physiological process in mam-
mals rather than a disease or pathological process [15, 16].

3. Accumulation of lipid peroxidase

Mainly phosphatidylethanolamine-OOH (PE-OOH), lipid peroxides are reduced
to appropriate lipid alcohols (PE-OOH) by antioxidant reductase mechanisms in the
cell under physiological conditions. The effect that will initiate ferroptosis is either by
increasing lipid peroxides or by inhibiting the reduction pathway. Glutathione (GSH),
the cofactor of glutathione peroxidase (GPX4), is important for the conversion of toxic
lipid peroxides to nontoxic lipid alcohols. Glutathione is a tripeptide containing seleno-
cysteine, glutamine, tryptophan. GPX4 catalyzes the following reaction:

2 glutathione + lipid — hydroperoxide — glutathione disulfide
+lipid —alcohol + H,O0. (1)

This reaction occurs in selenocysteine within the catalytic center of GPX4. During
the catalytic cycle of GPX4, active selenol (—SeH) is oxidized by peroxides to selenic acid
(—SeOH) and then reduced by glutathione (GSH) to an intermediate selenodisulfide
(—Se-SG). GPX4 is eventually reactivated by a second glutathione molecule and glutathi-
one disulfide (GS-SG) is released [17, 18]. GPX4 contains eight neutrophilic amino acids.
One of them is selenocysteine and seven cysteines. Selenium, together with cysteine, is
essential for the function of GPX4. Inactivation of GPX4 is the most important factor in
increasing intracellular lipid ROS and initiating ferroptosis [17-19]. Firstly, in the 1950s,
Harry Eagle et al. reported that amino acids, vitamins, and other nutrients are required to
protect against oxidative stress in cell culture [20, 21]. Among the molecules reported to
be essential was cystine, the oxidized form of cysteine-containing thiol groups [21]. Banni
etal., despite glutathione deficiency in human diploid fibroblast cell culture, were able to
induce cell growth with a-tocopherol (vitamin E), a lipophilic antioxidant [22].

Compounds that stimulate ferroptosis via GPX4 are divided into four groups
(i.e., erastin, RSL3, FIN56, FINO2).

3.1 Erastin

The first group includes erastin (ST). ST inhibits Xc (System Xc-cystine/glutamate
antiporter) and decreases intracellular glutathione (GSH) levels. System Xc is an amino
acid anti-transporter commonly found in phospholipid bilayer phospholipid membranes.
Itis an important part of the antioxidant system in cells. It has a heterodimer structure
and consists of two subunits, SLC7A11 and SLC3A2, linked to each other by disulfide
bonds. System Xc operates on a sodium-free, chlorine-dependent basis. It exchanges
cysteine and glutamate in a 1/1 ratio dependent on ATP [21]. Inhibition of the Xc _ system
reduces the uptake of cystine, the oxidized form of cysteine [23]. Cysteine is used in
intracellular glutathione synthesis [24]. In cells, GSH synthase and glutamate cysteine
synthase synthesize GSH with glutamate, glycine, and cysteine, which is reduced from
cystine in the cell as substrates [25]. Glutathione reduces the increased load of ROS and
the amount of reactive nitrogen decreased cystine causes a decrease in cysteine and
depletion of GSH which uses it as a cofactor, to convert lipid peroxides into suitable lipid
alcohols, and an increased intracellular oxidant load [25]. Glutathione reduction and
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decreased glutathione peroxidase activity increase ROS accumulation, oxidative damage,
and ultimately ferroptosis [19, 24, 25]. Erastin’s blocking of the Xc system and disrupting
the intracellular lipid ROS balance damages all intracellular organic substances (e.g. pro-
teins, lipids and nucleic acids), particularly lipid peroxidation initiates ferroptosis. It has
been shown that erastin, a prototype compound that inhibits GPX4 via system Xc, also
causes ferroptosis by affecting voltage-dependent anion channels. Early chemoproteomic
studies showed that voltage-dependent mitochondrial voltage-dependent anion chan-
nels2 and 3 (VDAC2, VDAC3) are direct targets for erastin blockade. VDCA2, purified
and reconstituted as artificial liposomes, has been shown to be the target of erastin and
modulates transport flow [10, 26]. However, it is accepted that erastin initiates ferroptosis
mainly by blocking the X c system cystine/glutamate antitransporter [27]. Also, butionine
sulfoximine (BSO), sorafenib, and artesunate induce ferroptosis by depletion of GSH [14,
28, 29]. Reagents or treatments that increase the intracellular amount of cystine/cysteine
can reverse erastin-induced ferroptosis, such as p-mercaptoethanol (B-ME), transsulfura-
tion, and processes that increase cysteine synthesis [30-32].

3.2RSL3

RAS-selective lethal 3 (RSL3), contains an electrophilic moiety and a chloroacet-
amide moiety and reacts with selenocysteine in the nucleophilic eight amino acid moiety
of GPX4, and the enzyme is blocked [33]. Altretamine, which is thought to have a
mechanism similar to RSL3, has been defined by the FDA as an anti-cancer drug, but the
mechanism of altretamine GPX4 resistance has not been clarified yet [34].

3.3 FIN56

It was named CIL 56, which causes death by ferroptosis in RAS cells while caspas 3
and 7 have no activity. The effect of CIL 56 causing cell death could only be eliminated
with low doses of anti-oxidants and iron chelators. At high doses, the lethal effect was
irreversible. Later found a CIL56 analog FIN56 (ferroptosis inducing 56) which pre-
serves ferroptosis selectivity in RAS cells. The toxic small-molecule FIN56 is required
for mevalonate pathway-mediated ferroptosis. FIN56 can activate its own target protein
SQS besides inducing ferroptosis by decreasing the abundance of GPX4 [35]. FIN56 can
cause ferroptosis in two ways, either by causing degradation of GPX4 or by reducing the
amount of CoQ (i.e., an antioxidant in the cell). The enzymatic activity of acetyl-CoA
carboxylase (ACC) is required for FIN56 to degrade GPX4. Therefore, the mechanism
of FIN56-induced ferroptosis involves two distinct pathways in association with the
mevalonate pathway and fatty acid synthesis. FIN56-mediated mevalonate pathway
reduces CoQ. FIN56 binds and activates SQS, the enzyme that converts farnesyl pyro-
phosphate (FPP) to squalene, which ultimately reduces the level of coenzyme Q10 by
reducing the FPP pool available for protein prenylation and metabolite synthesis [35].

3.4 FINO2

FINO2 (endoperoxide-containing 1,2-dioxolane) is a 1,2-dioxolan with both an
endoperoxide moiety and a hydroxyl head, capable of inducing ferroptosis. Although
its mechanism has not been fully resolved, it indirectly reduces the activity of GPX4.
It also provides lipid peroxidation by forming oxygen-centered radicals, similar to the
Fenton reaction. Ferroptosis initiated by both FIN56 and FINO2 is partially reversible
by p-mercaptoethanol (B-ME) [36, 37].
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4. Lipid peroxides and ROS increase

Lipids are important organic molecules because they provide energy for the cell
and participate in the structure of cell membranes. Oxygenation of phospholipid (PL)
(e.g. PE, phosphatidylcholine, cardiolipin) facilitates ferroptosis. Lipid peroxides are
produced in three different ways, each requiringan iron molecule [24, 33, 38]. 1. Lipid
ROS produced non-enzymatically by the Fenton reaction with the iron molecule. 2.
Lipid peroxides formed by esterification and oxidation of polyunsaturated fatty acids
(PUFAs) [24, 33, 39, 40]. 3. Lipid peroxides are formed by catalyzing the iron mol-
ecule by lipid auto-oxidation [41]. Fenton reaction is an inorganic reaction that occurs
commonly in nature. However, although not fully resolved, (PUFAs) are likely to be
the reaction that most contributes to the ferroptosis process [12].

Kagan et al. used RSL3, known as a selective inhibitor, to induce GPX4 inhibition in
mouse embryogenic fibroblast cells. RSL3 caused a marked decrease in the chemical activ-
ity of GPX4. Among the eight different forms of GPX, GPX4 is the only one that reduces
PL-OOH (phospholipid hydroxyls) and PUFA (polyunsaturated fatty acid hydroxyls) in
membranes. Kagan et al. screened 350 species of PLs (phospholipids) and identified oxi-
dized AA-containing PE (acyls-arachidonoyl phosphatidyl ethanol) as a ferroptotic cell
death signal. AA is a type of PUFAs that can be elongated into adrenoyl (AdA) by elongase
[24]. Accumulation of oxidized AA-PE and AdA-PE causes ferroptosis in cells.

It was revealed that the molecule that induces ferroptosis is AA-OOH-PE rather
than PL-OOH. The formation of AA-OOH-PE from AA in the cell requires three types
of enzymes: 1. lipoxygenases (LOXs), 2. acyl-CoA synthetase long-chain family 4
(ACSL4), and 3. lysophosphatidylcholine acyltransferase 3 (LPCAT3) [11, 17, 24, 39,
40]. In this process, AA is first converted to AA-CoA by being catalyzed by ACSL4,
then esterified with LPCAT?3 to AA-PE, and finally to AA-OOH-PE a with AA-PE LOXs.
Generally accepted views 1. Lipid autoxidation is definitely associated with ferroptosis.
2. Lipid oxidation is associated with ferroptosis rather than lipid peroxidation and is a
continuation of lipid peroxidation that cannot be prevented from continuing. 3. Lipid
peroxidation initiates lipid autoxidation, while lipid autooxidation causes cell death
[38, 41]. In cells undergoing ferroptosis, arachidonic acid (AA) is the most affected
by autoxidation. Abundant AA residues were observed in the supernatant of mouse
embryo fibroblast (MEFs) with GPX4 depletion. Acyl-CoA synthetase long-chain fam-
ily4 (ACSL4) and lysophosphatidylcholine acyltransferase3 (LPCAT3) encode enzymes
involved in the insertion of AA into membrane phospholipids [42, 43]. ACLSs are com-
posed of proteins expressed on the outer membrane of the endoplasmic reticulum and
mitochondria. ACSLs are responsible for the formation of acyl-Cos from fatty acids.
There are 5 isoforms: ACLS1, ACSL3, ACSL4, ACSL5, ACSL6 [41]. It has been reported
that ACLS4 correlates with ferroptosis. ACLS4 is required for ferroptosis to occur in
cells with GPX4 knockout or cells with GPX4 [39]. ACSL4 is not the only enzyme that
can activate AA arachidonic acid (arachidonic acid) and ADA, but very high concentra-
tions of AA and AdA are required for ACSL3 to activate, for example. However, AA is
normally present in the cell in lower amounts than other fatty acids. Thus, ACSL4 is
considered a major regulator for AA and ferroptosis [39]. The mentioned 3 enzymes
(ACSL4, LPCAT3, LOX) are active in the initial phase of ferroptosis. As a result of these
reactions, the amount of intracellular LOOH increases. Increased intracellular LOOH
levels and low valent metals (Fe*?) initiate lipid autooxidation, which is essential for
ferroptosis. Lipid autoxidation is the specific and final stage of ferroptosis. Lipid auto-
oxidation can only be reversed by radical-trapping antioxidants (RTAs). Lipid autoxida-
tion, rather than LOXs-directed lipid peroxidation, is considered to be the final phase
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of ferroptosis that causes cell death [38]. It is accepted that intracellular RTA and LOXs
levels determine the sensitivity of cells to ferroptosis. According to this assumption,
sensitivity to ferroptosis is a physiological process that is affected by many variables
such as cell type, physiological conditions and environmental factors [44].

5.Iron and ROS

Iron is an essential element for almost all living organisms. An adult human body
contains about 3-5 g of iron. Iron in erythrocytes accounts for 80% of the total iron, and
less than 20% is stored in macrophages and hepatocytes. The iron in the macrophage
comes from aged red blood cells and is reused, providing 90% of the daily required iron.
Approximately 1 g of iron from the diet per day is absorbed through the gastrointestinal
tract as ‘new iron’ Daily iron loss occurs mostly with the desquamation of epithelial cells
in the skin and gastrointestinal tract. In women, menstruation and labor bleeding can
cause large amounts of iron losses. The excessive increase of iron in the human body
causes hemochromatosis, and less than an adequate amount causes anemia [45, 46].
Inside the cell, iron exists in two forms, Fe*? and Fe*>. The Fe*? form is more functional
because of its ability to transfer electrons and have high solubility. The Fe** form is more
stable chemically, so this form is suitable for storage and transportation. Fe** plays an
important role in oxidation-reduction reactions. Fe** reacts with H,0, to form hydroxyl
reagent and Fe*>. Thus, the ROS load inside the cell increases and an oxidative process
begins for lipids, proteins, and nucleic acids [47]. It has been accepted that iron and
ROS may be increased, especially in tumor cells. The increased oxidative capacity of
tumor cells may be effective in their growth. However, it is a contradictory opinion that
increased ROS and iron content can increase ferroptosis. Toyokuni et al. reported the
hypothesis that intracellular iron and thiol redox groups in tumor cells establish a balance
for the cell to avoid ferroptosis. It is recognized that there are many more questions to be
answered [25, 48]. Circulating non-heme iron can be transported bound and unbound to
transferrin (Tf). Transferrin (Tf) is a glycoprotein with two high-affinity sites specific to
ferric iron (Fe*®). When circulating Tf is fully saturated, iron can be transported inde-
pendently of Tf ferric iron is reduced to ferro (Fe**) iron by the presence of membrane-
bound ferri reductases and taken into the cell by divalent metal transporter 1 (DMT1)
[25, 49]. Most of the dietary heme iron is in the form of ferric iron. The absorption of
inorganic iron from the lumen into the enterocyte in the duodenal villi is regulated in
a very complex and molecularly controlled system. The first step in absorption is Fe*?
reduced to Fe** by ascorbate-dependent duodenal sitokrom b (DCYTB), a membrane-
bound reductase. Ferrous iron is taken up into the enterocyte by DMT1 on the lumen-
facing surface of the enterocyte. DMT1 is the most important molecule of nonheme iron
intake. The synthesis of both DCYTB and DMT 1 is increased in iron deficiency [49-51].
Although intestinal absorption of heme iron (e.g., red meat) is effective for the human
organism, it is by a mechanism that is not yet clearly understood. For heme absorption
from the duodenum and upper jejunum, coordination of heme carrier protein 1 (HCP1)
and heme responsive gene-1 is required [52, 53].

Under physiological conditions, the high-affinity Tf receptor 1 (TfR1) on the cell sur-
face can bind two Fe(III). The Tf-Fe**TfR1 complex is transported into cells via endocyto-
sis to form endosomes. Endosomes release iron from the complex under acidic conditions.
Free ferric iron is reduced to ferrous iron and then transported into the cytoplasm by
DMT1. Endosomes containing the Apo-Tf-TfR1 complex return to the surface of the cells
and ferrous iron becomes part of the labile iron pool (LIP) in preparation for the next
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recycling [49, 50] Iron inside the cell can be stored in ferritin, transferred via ferroportin
(FPN), or used in synthesis pathways [44]. Most of the intracellular iron is used for heme
and iron-containing proteins, especially mitochondrial iron-sulfur-containing proteins
(Fe-S) and iron-dependent enzymes. FPN is the only molecule known to transport iron
out of the cell [54]. Iron transferred out of the cell via FPN is in ferrous form. In this
transfer, ferrous iron is oxidized by extracellular ferroxidase and converted to ferric iron.
The free ferric iron that becomes free is bound to Tf, forming Tf-Fe> complexes, and iron
is transported to other cells. The iron that is not transported out of the cell and not used in
the cell is stored by binding to ferritin. Ferritin is a heterodimer consisting of 24 subunits
as ferritin heavy chain 1 (FTH1) and ferritin light chain (FTL). FTH is the domain that
binds iron molecules, and FTL can play a role in electron transport. FTH can bind 4500
iron atoms in the ferric form [55]. Iron release from ferritin is also controlled under
physiological conditions [56]. In recent studies, nuclear receptor coactivator 4 (NCOA4)-
mediated ferrophagy has been shown to induce iron release from ferritin. NCOA4 binds
to ferritin and transports it to the lysosome, where ferric iron is decomposed and released
[57]. The amount of iron in the cell increases. Therefore, it is postulated that NCOA4-
mediated ferritinophagy can induce ferroptosis in the cell [58-61].

6. Regulation of systemic iron

Systemic iron level regulation is carried out through the FPN, which ensures the
removal of iron from the cell. FRN is regulated both dependently and independently of
hepcidin. In response to adequate systemic iron content, the liver secretes hepcidin into
the systemic circulation. Hepcidin binds to FPN in the cell, causing a conformational
change in the molecule. The modified FPN molecule is phosphorylated and ubiquti-
nized, then transported to the lysosome and inactivated by lysosomal enzymes. FPN
can also be regulated independently of hepcidin. When there is not enough iron in the
cell, FNP undergoes a similar conformational change and is again inactivated in the
lysosome. In both cases, the removal of iron from the cell by the FPN is prevented [62].

7. Regulation of intracellular iron

Cell internal iron homeostasis is regulated by iron regulatory protein 1, 2 (IRP1,
IRP2) and iron-responsive elements (IREs) molecules. IRPs are proteins that can bind
5,3 (UTR) of the mRNAs of IREs. These proteins are those involved in iron uptake (e.g.,
DMT1, TfR1), iron sequestration (e.g., subunits of ferritin: FTH1, FTL), and iron export
(e.g., FPN). When intracellular iron is deficient, IRPs bind to 5’ IREs of ferritin and FPN,
and the translocation of these proteins is inhibited [63, 64]. Once iron demand is met,
IRPs are degraded and these bonds are removed [63, 64]. Both cellular and systemic iron
regulation is related to meeting iron needs. Systemic regulation is provided by the liver
and hepcidin. The loss of binding activity of IRP1-IREs for cellular level iron regulation is
related to the addition of 4Fe-4S. An E3 ligase complex linked to F-box and leucine-rich
repeat protein 5 (FBXLS5) drives ubiquitination and proteasomal degradation of IRP-2.
FBXLS5 requires sufficient iron and oxygen to remain stable. Other genes involved in iron
metabolism are IREB2, FBXL5, TfR1, FTH1, and FTL [63-66].

It has been stated that the increase in iron level in the systemic circulation and
intracellularly in vivo and in vivo conditions increases the susceptibility to ferroptosis.
FPN decreases while Tf increases in ferroptosis-sensitive cells [58, 67]. Lysosomal high
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Ferroptosis
Morphological Shrink mitochondria within ceased mitochondrial membrane densities, outer
features mitochondrial membrane rupture, reduction or vanished of mitochondrial crista,

normal nucleus

Biochemical features Iron accumulation and lipid peroxidation
Death stimulus Inhibition of cystineimport (e.g.: erastin, SAS, glutamate
Glutathione depletion

GPX4 inactivation (e.g. BSO)
A.A. depletion in presence of serum and glucose

Regulatory pathway Xc/GPX4 pathway, P53/SLC7 A1l pathway, ATG5, ATG7-NCOA4 pathway, MVA
sulfur transfer pathway, P53-SAT1-ALOX 15 pathway, HSPBI1-TRF1, FSP1-COQI0-
NAD(P) H pathway, P62-Keap-1NRF2 pathway

Hallmarks Increased lipid peroxidation iron dependence
Keynes GPX4, TFR1, SLC7A11, NRF2, NCOA4, P53, HSPB1, ACSL4, FSP1

A.A., amino acid; ACSL 4, acyl-Co Asynthetase long-chain family member 4; ALOX-15, avachidonate lipoxygenase 15;
AP-1, activator protein-1; ATGS, autophagy-velated 5; ATG7, autophagy-related 7; COQI0, coengyme Q10; DRAM3,
damage regulated autophagy modulator 3; FSP1, ferroptosis suppressor protein 1; GPX4, glutathione peroxydase 4;
HSPBI, heat shock protein beta-1; Keapl, Keleh-like ECH-associated protein 1; MAPK, mitogen-activated protein kinase;
MLKL, mixed lineage kinase domain-like protein; m-TOR, mammalian target of rapamycin; MVA, mevalonate; LC3,
microtubule-associated protein 1 light chain 3; NCOA4, nuclear coactivator 4; NRF2, nuclear factor erythroid 2-related
factor 2; PKC, protein kinase C; RIB, receptor-interacting sevine/threonine kinase; ROS, reactive oxygen species; SAT1,
spermidine/spermine N1-acetyltransferase 1; SLC7A11, solute carrier family 7 member 11; system, Xc-cysteine/glutamate
transporter; TFEB, transcription factor EB; TFR1, tmnsfewin receptor 1; TNF-R1, tumor necrosis ﬁwtor R1.

Table 1.
Characteristics of fervoptosis.

concentrations of iron can also prepare cells for ferroptosis [67]. Increased susceptibility to
ferroptosis has been observed experimentally in mice with a high amount of iron in their
diet and with increased extracellular matrix iron levels [68]. The heat shock protein family
B member 1 (HSPB1) inhibits iron uptake via TfR1, reduces the level of iron into the

cell, and inhibits ferroptosis by increasing the reduced form of GSH. HSPB1 also inhibits
endocytosis and Trf1 reuptake by stabilizing the cortical actin cytoskeleton [69-71].

Both oxygenase 1 (HO-1) and phosphorylase kinase catalytic subunit gamma 2 (PHKG2)
mediate ferroptosis when the intracellular iron level is increased [9, 72]. Almost all of the
studies on this subject emphasize increased intracellular iron levels and ROS load to initi-
ate ferroptosis. Until now, 3 basic processes that increase ROS in the cell due to iron have
been reported: 1. by the Fenton reaction, which is inorganically not enzyme-catalyzed 2.
via lipid autooxidation catalyzed by iron-containing enzymes 3. ROS formed by AA oxida-
tion via iron-containing LOXs. However, how iron initiates and maintains ferroptosis and
the process leading to cell death has not been fully elucidated (Table1) [44].

8. P62 and NRF2 in ferroptosis

Nuclear factor erythroid 2-associated factor 2 (NRF2) is one of the proteins that
create the most important antioxidant response in the cell against oxidative imbalance.
Under normal conditions, it is preserved by Kelch-like ECH (erythroid cell-derived
protein with CNC homology)-associated protein 1-mediated proteasomal degradation.
NRF2 negatively regulates ferroptosis via the p62-keapl-NRF2 pathway. NRF2 and p62
competitively bind to Keapl [73, 74]. Nrf2 plays a vital role in intracellular antioxidant
balancing and activation of GPX4, in the re-synthesis of NADPH, 6PGD (phospho-
gluconate dehydrogenase, malic enzyme, and glucose 6-phosphate dehydrogenase)
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and glutathione synthesis, cysteine supply via system Xc (glutathione peroxidase 4,
glutathione reductase) play a key role for many genes. Ferroptosis inducers facilitate the
interaction between p62 and Keapl. This interaction inhibits Keapl. Inhibition of Keapl
prevents binding between Keapl and NRF2. The interaction of Keapl and NRF2 triggers
the degradation of NRF2 [75, 76]. It leads to NRF2-mediated ferroptosis by down-
regulating genes involved in iron and ROS metabolisms. The most important of these are
such as quinone oxidoreductase 1 (NQO1 and HO1) [75, 76].

NRF?2 inhibits ferroptosis by increasing the expression of target genes involved in
iron and ROS metabolism, such as NQO1 (NADPH Quinone Dehydrogenase 1) and
HO1 (Heme oxygenase 1). NRF2-Keapl pathway supports system Xc so NRF2 inhibits
ferroptosis. It also negatively regulates ferroptosis by lowering intracellular reactive
iron by gene regulation of Nrf2 ferritin (FTL/FTH) light chain and heavy chains, fer-
roportin (SLC40A1) subunit, and SLC7A11 component of Xc system. Nrf2 is also acti-
vated by oxidized lipids, which are also involved in the initiation of ligand-mediated
transcription factor PPAR y (peroxisome proliferator-activated receptor-gamma).
Furthermore, a high NRF2 expression is associated with a worse overall survival rate
in patients with glioma, and activation of the NRF2-Keapl pathway supports system
Xc so NRF2 inhibits ferroptosis [77]. The existence of studies reporting that NRF2
induces ferroptosis shows that there are still unanswered questions on this subject.

9. Tumor suppressor protein P53 and ferroptosis

P53 is a tumor suppressor that has been extensively studied. It has a tumor-
suppressive effect by stopping metabolic cycles, mediating aging and apoptosis.
It is involved in the cellular response to DNA damage, hypoxia, starvation, and
oncogene activation. Activation of p53 ensures cell cycle slowdown at the low level
of cellular stress, repair DNA damage, prevent ROS accumulation, and cell survival.
However, severe cellular stress and damage induce a response of P53 to produce
apoptosis and cell death [78]. On the one hand, p53 suppresses ferroptosis either
through direct inhibition of DPP4 (dipeptidyl peptidase 4) activity [79] or through
induction of CDKN1A/p21 (cyclin-dependent kinase inhibitor 1A) expression. On
the other hand, 53 can increase ferroptosis by inhibiting the expression of SLC7A11
(solute transporter family 7 member 11) or by increasing the expression of SAT1
(spermidine/spermine N1-acetyltransferase 1) and GLS2 (glutaminase 2) [78-80].

It is accepted that the direction and intensity of the response of p53 are proportional
to the level of stress to which the cell is exposed [80]. It is depleted by a mutation in many
types of cancer and its anti-tumor effect is limited [81, 82]. Unlike nuclear p53, which
acts as an autophagy-promoting transcription factor [82, 83], cytosolic p53 can block
autophagy in response to nutrient starvation or mTOR inhibition [80, 83, 84]. These
context-dependent roles of p53 in survival and death are regulated in a fine-tuned man-
ner by its ubiquitination, phosphorylation, acetylation, and other modifications. Unlike
nuclear p53, which functions as a transcription factor promoting autophagy, cytotic p53
(BCL-2 family (BAX [BCL2 associated X, apoptosis regulator] and BBC3/PUMA [BCL2
binding component 3]) can suppress autophagy in response to cellular starvation and
mTOR inhibition [81-84]. p53 cellular response is regulated by ubiquitination, phos-
phorylation, acetylation, and other modifications [81].

Classic ferroptosis model and cell culture studies have revealed that P53 is associated
with ferroptosis [79, 82, 84]. The researchers have found that 53 promotes ferroptosis
due to transrepression of SLC7A11 expression in fibroblasts and some cancer cells
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(human breast cancer MCF7) and human osteosarcoma (U20S) [79, 85, 86]. P53 plays
arole in ferroptosis cascades, which can cause cell survival or death. It can function
prodeath or prosurvival at the transcriptional or post-translational level. Depending on
the type or severity of stress that the cell is exposed to, it may contribute to apoptosis or
autophagy [87, 88].

Inhibition of SLC7A11 expression, increased expression of SAT1 (spermidine/
Spermine N1-acetyltransferase 1), increased expression of GLS (Glutaminase)
are required for p53-regulated ferroptosis [78]. SAT1 is a regulator of polyamine
metabolism. Oxidative stress, inflammatory stimuli, and heat shock have been found
to stimulate SAT1 activity. SAT1 is a transcriptional target of p53. An increase in SAT
1 does not change SLC7A11 and GPX4 activity but increases ALOX15 (arachidonate
15-lipoxygenase) activity [84]. Thus, the required antioxidant response remains
insufficient despite increased lipid peroxidation.

Acetylation of K98 is crucial for p53-mediated ferroptosis. In particular, p53 3KR,
an acetylation-defective mutant in which 3 lysine residues (at positions 117, 161, and
162) have been replaced by arginine residues, is highly effective in repressing SLC711A
[85-87]. In contrast, p53 4KR98 (an acetylation-defective mutant in which an addi-
tional lysine is replaced at position 98) cannot reduce SLC711A expression [80].

Perhaps p53 3KR gains a ferroptosis-inducing capacity while p53 4KR loses it. In
human cancers, wild-type p53 is degraded by high levels of the oncogenic E3 ubiquitin-
protein ligase MDM2. Thus, inhibition of MDM2-dependent proteasomal degradation of
P53 offers an attractive therapeutic strategy for cancer therapy [88]. Since it will not be
inactivated in MDM2—/— cells, the p53 level increases. p53 has been shown to contribute
to the cell death cascade, which can be termed ferroptosis, which can be reversible by
ferrostatin 1in MDM2—/— mouse embryos. However, another study showed that fer-
rostatin-1 alone could not prevent cell death caused by MDM2 deficiency [89-91].

The anti-ferroptosis activation of ferrostatin-1and liproxstatin-1 (another widely-used
ferroptosis inhibitor) are mediated through their reactivity as radical-trapping antioxi-
dants rather than their potency as inhibitors of lipoxygenases [90, 91]. The acetylation
levels of p53 are localized by six different histone acetyltransferase: 1. REBBP/CBP (CREB
binding protein), 2. EP300/p300 (E1A binding protein P300), 3. KAT2B/PCAF (lysine
acetyltransferase 2B), 4. KAT5/Tip60 (lysine acetyltransferase), 5. KAT8/MOF (lysine
acetyltransferase 8), and 6. KAT6A/MOZ (lysine acetyltransferase 6A). The ability of
these acetyltransferases to regulate ferroptosis remains unclear [88, 92, 93].

GSL2 (glutaminase 2) is a mitochondrial enzyme, the first step of glutamine
catabolism, and an important regulator of ferroptosis [94]. It is known as a transcrip-
tional target of p53. It is responsible for oxygen consumption and ATP production in
cancer cells. It is also known to offer antioxidant support through the production of
GSH [95]. While all this is expected for negative regulation of ferroptosis, it has been
shown that glutaminase degradation inhibits ferroptosis in fibroblast cells [96]. More
research is needed for the relationship between glutaminase, p53, and ferroptosis.

DPP4 (dipeptidyl peptidase-4) is the most important regulator of survival in the fer-
roptosis-related function of P53. Cells with p53 knockout or pharmacologically inhib-
ited become more sensitive to type I inducer of ferroptosis (erastin and SAS). However,
there is no difference in response to typell ferroptosis inducer (RSL3 and FIN56).

However, DPP4 inhibitors (linagliptin, vildagliptin, and alogliptin) together with
other protease inhibitors (doxycycline, ritonavir, atazanavir, VX-222, semagacestat)
completely block erastin-induced cell death in p53-deficient cells [79].

Another mediator of p53, CDKN1A/p21 (cyclin-dependent kinase inhibitor 1A),
inhibits apoptosis. In cystine deficiency in cancer cells, p53-mediated CDKN1A
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expression delays ferroptosis. Again, inhibition of MDM2 by nutlin-3 increases
expression of p53, which blocks the ferroptosis induced by loss of Xc function [82].
More comprehensive and detailed studies on p53 and ferroptosis are needed.

10. Beclin-1 and ferroptosis

Beclin-1 (Vps30/Atg6 in yeast) is a well-known regulator of autophagy primarily
involved in the formation of the PtdIns3K complex, which is involved in activating
autophagy. Beclin-1 is a critical regulator of ferroptosis that is independent of the
formation of the PtdIns3K complex. The beclin-1 expression only affects ferroptosis
induced by the system Xc-inhibitor. Knockdown of Beclin-1 by RNA interference
(RNAi) blocks ferroptosis, whereas knockdown of Beclin-1 by gene transfec-
tion promotes ferroptosis in cancer cells in response to system Xc-inhibitors (for
example, erastin, sulfasalazine, and sorafenib). In contrast, it does not affect erastin-,
sorafenib-, or sulfasalazine-induced ferroptosis. Beclin-1 mandatory for ferroptosis
induced by system Xc - inhibitor [97, 98].

It needs ATGS5 (related to autophagy 5) and NCOA4 (nuclear receptor coactiva-
tor 4). ATGS5 is part of an E3-like ligase that is critical for the lipidation of members
of GABARAP (GABA type-A receptor-associated protein families) and MAP1LC3
(microtubule-associated protein 1 light chain 3) members. However, NCOA4 is a
transporter receptor that mediates FT/ferritin degradation via selective ferritinoph-
agy. Inhibits elastin-induced conversion of MAP1LC3B-I to MAP1LC3B-II by inhibi-
tion of Atg5. Furthermore, suppression of NCOA4 blocks the degradation of FT/
ferritin, resulting in suppression of ferroptosis. In contrast, knockdown of Beclin-1
does not affect the synthesis of lapidated MAP1LC3B and MAP1LC3B-positive
points in ferroptosis. As a positive control in starvation-induced cells, knockdown of
Beclin-1 stops the conversion of MAP1LC3B-I to MAP1LC3B-II. Significantly, the for-
mation of a BECN1-PtdIns3K complex was observed in cancer cells only in response to
starvation, but not to ferroptotic stimulus. These findings point to the regulatory roles
of Beclin-1 in ferroptosis compared to induced autophagy [96-98].

11. AMPK ferroptosis

AMP-activated protein kinase (AMPK), a critical indicator of the cell’s energy
deficit, is activated through AMP binding, kinase phosphorylation, and other
mechanisms. AMP-activated protein kinase (AMPK), a critical indicator of the cell’s
energy deficit, is activated through AMP binding, kinase phosphorylation, and
other mechanisms. AMPK maintains the viability of the cell under energy stress. If
this energy balance cannot be achieved, it leads the cell to apoptosis. AMPK exhibits
various regulatory roles in lipid metabolism by mediating the phosphorylation of
acetyl-CoA carboxylase as well as polyunsaturated fatty acid biosynthesis. AMPK has
also been implicated in ferroptosis. The inhibitory effect of AMPK activation on fer-
roptosis does not include modulation of cystine uptake, iron metabolism autophagy,
or mTORCI signaling. Energy stress-mediated AMPK activation inhibits ferroptosis
via mitochondria. The Loss of function of liver kinase B1 (LKB1) sensitizes mouse
embryonic fibroblasts (MEFs) and human non-small cell lung carcinoma cell lines to
ferroptosis. This LKB1-AMPK-ACC1 (ACC1—Acetyl-CoA carboxylase 1)-FAS (cell
surface death receptor) axis has a vital role in regulating ferroptotic cell death [99].
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A recent study also reported a supportive role of AMPK in the regulation of
Beclin-1-mediated ferroptosis. Specifically, AMPK mediates the phosphorylation
of Beclin-1 at Ser90/93/96. This is a prerequisite for the formation of the Beclin1-
SLC7A11 complex in ferroptosis and subsequent lipid peroxidation. Inhibition of
AMPK by siRNA or compound C reduces erastin-induced Beclin-1 phosphorylation
at S93/96, thus inhibiting the formation of Beclin-1-SLC7A11 complex formation and
subsequent ferroptosis. Thus, it is clear that Beclin-1 contributes to the core molecular
machinery and signaling pathways involved in ferroptosis [100, 101]. The mecha-
nisms of AMPK-mediated regulatory ferroptosis need further investigation.

12. Ataxia-telangiectasia-mutated kinase in ferroptosis

Ataxia-telangiectasia mutated kinase (ATM) is a crucial kinase for DNA damage
responses. P53 is one of its sub-targets, which plays a decisive role in the regulation of
ferroptosis, which activates its role in ferroptosis [102]. Genetic or pharmacological
inhibition of ATM reduces intracellular labile iron by increasing FPN, FTH1, and
FTL. Ataxia-telangiectasia mutated kinase (ATM) is a crucial kinase for DNA damage
responses. P53 is one of its sub-targets, which plays a decisive role in the regulation of
ferroptosis, which activates its role in ferroptosis [103]. Genetic or pharmacological
inhibition of ATM reduces intracellular labile iron by increasing FPNand FTH and
FTL. It relies on the transcriptional activity and nuclear translocation of metal regula-
tory transcription factor 1 (MTF1) upon TM inhibition. Under conditions of ATM
inhibition, nuclear translocation of MTF1 is increased, resulting in changes in ferritin
(FTH1) and ferroportin (FPN) expression, and the amount of intracellular unstable
iron is reduced to prevent ferroptosis [104].

13. Iron and ferroptosis

The iron homeostasis in both manners is regulated by iron. In systemic iron regula-
tion, the level of iron is sensed by the liver and the liver secretes the hormone hepcidin
according to iron abundance. At the cellular iron level, the loss of IRP1-IREs binding
activity depends on the insertion of 4Fe—4S cluster. As for the IRP2, a newly discovered
FBXL5-dependent E3 ligase complex catalyzes the ubiquitination and proteasomal
degradation of IRP2, while keeping the stability of FBXL5 requires iron and oxygen
IREB2, the main regulator of iron metabolism upon inhibition, reduces sensitivity
to ferroptosis. Since iron metabolism is also affected by autophagy, it also regulates
ferroptosis in many ways [58]. Ferritinophagy is the autophagy of selective ferritin, in
which ferritin is recognized by the specific transport receptor NCOA4, which directs it
to autophagosomes for lysosomal degradation. This lysosomal degradation of ferritin
releases iron and thus increases ferroptosis susceptibility [45].

Apart from ferritin, HSPB1 and CISD1 are other proteins that affect ferroptosis sus-
ceptibility. In addition, heme oxygenase 1 (HO-1) and phosphorylase kinase catalytic
subunit gamma 2 (PHKG2) mediate ferroptosis by regulating the abundance of iron [9,
72]. ROS accumulation initiated by labile iron in the cell occurs in three known ways,
respectively. 1. non-enzymatic Fenton reaction; 2. ROS accumulated by lipid autooxi-
dation catalyzed by iron-containing enzymes; 3. ROS accumulated by oxidation of
arachidonic acid (AA) by lipid peroxidases (LOX). Although it is known that iron is an
essential element in ferroptosis, it is not fully understood how iron regulates ferroptosis.
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14. Biomarkers of ferroptosis

Prostaglandin-endoperoxide synthase 2 (PTGS2) increases with the formation of
lipid peroxides and decreases in nicotinamide adenine dinucleotide phosphate (NADPH)
[9, 32]. Moreover, the increase in PTGS2 cannot be suppressed by PTGS inhibitors.
Malondialdehyde (MDA), the end product of lipid peroxidation, also increases. GPX4
protects cells against ferroptosis by catalyzing GSH and toxic PE-AA-OOH to oxidize
GSH (GSSG) and non-toxic PE-AA-OH. GSSG is then converted to GSH by GSH
reductase (GR) in the presence of NADPH. Therefore, NADPH, a coenzyme of GR, plays
avital role in maintaining the abundance of intracellular GSH. Furthermore, the basal
NADPH abundance of a given cell is negatively correlated with ferroptosis susceptibility.
NADPH necroptosis can establish a link between ferroptosis and GSH (Figure1) [9, 32].

Cell survival, drug Cell death, disorders
resistance or therapy
increased invasion

Figure 1.
ROS (reactive oxygen space) and ferroptosis.

15. Ferroptosis and other forms of cell death

Unlike ferroptosis, apoptosis, necrosis, and autophagy decreased mitochondrial vol-
ume, increased mitochondrial membrane density, reduction in mitochondrial cristae,
and rupture of the outer membrane are observed. Also, ferroptosis cannot be stopped
by inhibitors of apoptosis, necrosis, and autophagy [8, 9, 27]. Compared to ferroptosis,
it may show common features with other regulated cell deaths. Although ferroptosis
does show mitochondrial differences, it cannot be entirely attributed to it. The amount
of mitochondrial ROS does not change in ferroptosis exposed to erastin. Moreover, fer-
roptosis also occurs in cells lacking a mitochondrial electron transport chain [8, 14, 105].

16. Ferroptosis and oxytosis

Oxidative glutamate toxicity leads to glutathione depletion by inhibiting cystine
uptake via exogenous glutamate, the Xc system (cystine/glutamate antiporter).
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Activation of lipoxygenase opens up cGMP-gated channels that allow reactive oxygen
species production and extracellular calcium influx. In oxytosis paradigms in neuronal
cells, mitochondrial disorders are mediated through mitochondrial transactivation

of pro-apoptotic protein (BID). Upon translocation to mitochondria, BID mediates
loss of mitochondrial integrity and function and deleterious translocation of mito-
chondrial AIF to the nucleus. Induced by stress and independently of mitochondrial
death. In neuronal cells, ROS-induced transactivation of BID into mitochondria links
both oxytosis and ferroptosis pathways and leads to irreversible morphological and
functional damage. MMP (Matrix metallo proteinases) loss, reduction of ATP levels,
and mitochondrial ROS generation are associated with the apoptosis-inducing fac-
tor (AIF). The BID inhibitor BI-6¢9 and the ferroptosis inhibitors ferrostatin-1 and
liproxstatin-1 can block these deadly pathways upstream of mitochondrial disorders.
The analogy of ferroptosis and oxytosis seems to be the most promising for treatment
options, especially in diseases related to iron accumulation such as neurodegenerative
diseases, stroke, and reperfusion injury [106-108].

17. Ferroptosis and necroptosis

They used ACSL4 as a ferroptosis susceptibility marker and a Mixed Lineage Kinase
domain-like (MLKL) marker for necroptosis. Interestingly, ACSL4 deficiency led to
an increase in MLKL, and loss of MLKL increased the cells’ sensitivity to ferroptosis.
When one cell death pathway is inhibited, it evolves into the other pathway. It has been
demonstrated that ferroptosis and necroptosis are different forms of cell death. They
used ACSL4 as a ferroptosis susceptibility marker and a mixed lineage kinase domain-
like (MLKL) marker for necroptosis. Interestingly, ACSL4 deficiency led to an increase
in MLKL, and loss of MLKL increased the cells’ sensitivity to ferroptosis. When one
cell death pathway is inhibited, it evolves into the other pathway [15, 16, 109, 110].

18. Ferroptosis and autophagy

Ferritinophagy is the autophagic process of ferritin mediated by NCOA4. NCOA4
binds to FTH1 in autophagosomes during low intracellular iron and then autophago-
somes are sent to lysosomes for ferritin degradation. Similarly, autophagy is the death of
the cell by breaking down organelles and proteins in the cell with phagosomes and lyso-
somes [57]. Cell death can also be blocked by the inhibition of ferritinophagy in aged
cells [60]. Ferritinophagy and unstable iron increase in fibroblast culture and cancer
cells accelerated cell death [59]. Increased ferritinophagy in liver fibrosis and erastin-
induced ferroptosis follow the same process [61]. Ferritinophagia has been reported at
the onset of ferroptosis [100]. However, it differs from ferritinophagy in that specific
autophagy inhibitors fail to rescue ferroptosis [11].

19. Conclusion

Ferroptosis differs from other forms of regulated cell death. It requires an unstable
form of intracellular iron. It is associated with the increased reactive oxidative load. The
susceptibility to ferroptosis differs from cell to cell. It presents new research areas for
the treatment of cancer, circulatory diseases, and degenerative neurological disorders.
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Abbreviations

AA
ACC1
ACD
ACSL4
AIF
ALOX-15
AMPK
APAF1
ATG5
ATG7
ATM

BAX
BBC3/PUMA
BCL-2
p-ME

BSO
CDKN1A/p21
CED9
COQ10
DCYTB
DPP4
DRAMS3
FBXL5
FIN56
FINO2
FPN

FSP1

FTH

FTL

FPP
GABARAP
GPX4
GSH

HO1
HSPB1
IREs

IRPs
KAT2B/PCAF
LC3

LIP

LKB1
LOXs
MAPK
MAP1LC3
MEF
MMP
MLKL
MTF1
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acyls-arachidonoyl

acetyl-CoA carboxylase 1

accidental cell death

acyl-CoA synthetase long-chain family member 4
apoptosis-inducing factor

arachidonate lipoxygenase 15
AMP-activated protein kinase

apoptotic peptidase 1

autophagy-related 5

autophagy-related 7

ataxia-telangiectasia mutated kinase
BCL-2 associated protein

BCL2 binding component 3

B-cell lymphoma 2 gene
B-mercaptoethanol

butionine sulfoximine

cyclin-dependent kinase inhibitor 1A

cell death abnormality gene 9

Coenzyme Q10

ascorbate-dependent duodenal sitokrom b.
dipeptidyl peptidase-4

demage regulated autophagy modulator 3
F-box and leucine-rich repeat protein 5
ferroptosis inducing 56

ferroptosis inducer endoperoxide containing 1,2-dioxolane

ferroportine

ferroptosis suppressor protein 1

ferritin heavy chain

ferritin light chain

farnesyl pyrophosphate.

GABA type-A receptor-associated protein families
glutathion peroxydase 4

glutathione

heme oxygenase

H shock protein beta-1

responsive elements

iron regulatory proteins

lysine acetyltransferase 2B/P300/CBP-associated factor
microtubule-associated protein 1 light chain3
labile iron pool

liver kinase B1

lipoxygenases

mitogen-aktivated protein kinase
microtubule-associated protein 1 light chain 3
mouse embrionic fibroblast

matrix metalloproteinases

mixed lineage kinase domain-like protein
metal regulatory transcription factor 1
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mTOR mammalian target of rapamycin

MVA mevalonate

NRF2 nuclear factor erythroid 2-associated factor 2
NADPH nicotinamide adenine dinucleotide phosphate
NCCD nomenclature committee on cell death
NCOA4 nuclear coactivator4

NQO1 NADPH quinone dehydrogenasel

NRF2 nuclear factor erythroid 2-related factor 2
PCD programmed cell death

PE-OOH phosphatidyl ethanol amine-hydroxyl
PHKG2 phosphorylase kinase catalytic subunit gamma 2
PKC protein kinase C

PL phospholipid

PTGS2 prostaglandin-endoperoxide synthase 2
PUFAs polyunsaturated fatty acids

RAS-RAF-MEK
RCD

receptor tyrosine kinases
regulated cell death

REBBP/CBP CREB binding protein

RIP receptor-interacting serine/threonine kinase
ROS reactive oxygen species

RSL3 RAS-selective lethal 3

RTAs radical-trapping antioxidants

SAT1 spermidine/spermine N1-acetyltransferase 1
SLC7A11 solute carrier family 7 member 11

SQS squalene synthase

VDAC voltage-dependent anion channels

Tf transferrin

TfR1 Tf receptor 1

TFEB transcription factor EB

TfR1 transferrin receptor 1

TNF-R1 tumor necrosis factor R1

U-20S cell line human osteosarcoma

Xc system cystine/glutamate antiporter system
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Abstract

Iron plays a role in multiple physiological functions, naming oxygen transport,
gene regulation, DNA synthesis, DNA repair, and brain function. Iron deficiency ane-
mia (IDA) may happen following iron deficiency, but iron deficiency alone may cause
negative impacts on the health risk of pediatric patients. The degree of iron deficiency
is described by total body iron (measured by ferritin), transport iron (measured by
transferrin saturation), serum iron, and other hematologic and biochemical markers.
Iron deficiency anemia is a result of insufficient iron supply causing the inability to
maintain normal levels of hemoglobin. The most common causes of microcytic ane-
mia in children are iron deficiency and thalassemia minor. There are various hemato-
logic and biochemical parameters used for screening and diagnosis of iron deficiency
anemia in children, but there is no single “best” test to diagnose iron deficiency with
or without anemia. The “gold standard” for identifying iron deficiency is a direct
test-bone marrow biopsy with Prussian blue staining. This article aims to explain iron
metabolism in children and discuss the role of hematologic and biochemical param-
eters for screening and diagnosis of iron deficiency anemia in children.

Keywords: iron deficiency anemia, health risk, children, diagnosis, screening

1. Introduction

Iron deficiency is the most common nutritional deficiency across the world and an
important public health problem, particularly in developing countries [1]. Anemia,
defined as a low hemoglobin concentration, is a public health problem that affects low-,
middle-, and high-income countries, having significant adverse health consequences, as
well as adverse impacts not only to the health of citizens, but also to the socio-economic
development [2]. The high prevalence of iron deficiency anemia in developing countries
most often is attributed to nutritional deficiencies worsened by chronic blood loss due
to parasitic infections and malaria. In the industrialized nations, the most common
cause of iron deficiency with or without anemia is insufficient dietary iron [3].

Approximately 50% of cases of anemia are considered to be an iron deficiency,
but the proportion probably varies among population groups and in different areas,
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according to the local conditions [2]. Unfortified complementary foods particularly
have a low iron content, iron deficiency, also iron deficiency anemia (IDA) are
consequently major public health problems in infants and young children, especially
in poor populations [4].

Anemia resulting from iron deficiency adversely affects cognitive and motor
development, causes fatigue and low productivity [2]. Iron plays a role in various
essential physiological functions, such as oxygen transport, gene regulation, DNA
synthesis, DNA repair, and brain function [5]. Iron serves important functions in
biochemical processes including the development of the central nervous system, and
it is essential to neural myelination, neurotransmitter function, neuronal energy
metabolism and neurite differentiation [6].

Many studies have shown an association between iron deficiency anemia and
poor neurodevelopment in infants that lasts beyond the period of deficiency [6]. This
article aims to explain iron metabolism in children, also discuss the role of hema-
tologic and biochemical parameters for screening and diagnosis of iron deficiency
anemia (IDA) in children.

2.Iron requirements, absorption, and metabolism in infants
and children

Hemoglobin levels at birth are normally quite high and primarily consist of fetal
hemoglobin (HbF or a,y,), which comprises 80-90% of the total hemoglobin synthe-
sized, gradually decreasing to <1% by 10 months of age in normal infants. The switch
from hemoglobin F to adult hemoglobin (HbA or a,f,) begins around 12 weeks of ges-
tation, although the production of hemoglobin A occurs in the bone marrow where it
remains throughout the life [7].

Iron requirements in late infancy are higher than during any other period in life
due to rapid growth. A unique feature of human iron metabolism is the absence of an
excretory pathway and regulation of iron absorption is very important for homeosta-
sis [4]. At birth, most of the body iron is found in the blood hemoglobin, but a term,
healthy, normal birth weight infant also has some iron stores, appropriate to about
25% of the total body iron [8].

Knowledge of iron metabolism in infants and children has been enhanced due to
recent discoveries of protein and peptides regulating iron absorption. Iron is absorbed
in the small intestine by divalent metal transporter 1 (DMT1) and is stored by ferritin
inside the mucosal cells or taken by ferroportin to the systemic circulation, while
being oxidized by hephaestin to be integrated into transferrin. Hepcidin, a small pep-
tide that is synthesized by the liver, can sense iron stores and regulates iron transport
by ferroportin inhibition [7].

2.1Iron requirements

The majority of iron required by the body is obtained from the reuse of iron
released from erythrocyte catabolism. However, sufficient amounts of iron must be
supplied by the diet to replace the iron that is lost from the body (through exfoliation
of the skin and gastrointestinal cells; and blood loss) and the iron that is needed for
growth [9]. At birth, most of the body iron is found in blood hemoglobin, but a term,
healthy, normal birth weight infant also has some iron stores, corresponding to about
25% of the total body iron [8].
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Healthy, full-term, normal birth weight infants are born with sufficient stores of iron
to cover their needs during the first 4-6 months of life [9]. The healthy infant at term is
born with iron stores which can be partially mobilized and utilized for growth during early
infancy. In addition to these stores, the high levels of hemoglobin at birth will decrease and
the iron will be recycled and also used for growth and blood-volume expansion [7].

The huge demand for iron in the late fetal and early postnatal period is for hemo-
globin (Hb) synthesis [10]. Some theories are estimating the iron requirements of
infants. Total body iron varies with birthweight and has been estimated to be approxi-
mately 268 mg for an infant with a birthweight of 3.5 kg and approximately 183 mg
for an infant with a birthweight of 2.5 kg [7].

Premature infants are at high risk of iron deficiency (ID) due to inadequate iron
storage caused by the factors of preterm birth, early onset of postnatal erythropoiesis,
and rapid growth after birth. There is a lack of a gold standard to describe iron status
clinically for healthy preterm infants [10].

2.2 Iron absorption in children and mechanism regulating iron absorption

Iron bioavailability is commonly assumed to be 50% from breast milk and 10%
from mixed foods. The stable isotope method can be applied to assess iron absorp-
tion in children [4]. Iron homeostasis is mainly controlled through tightly regulated
changes in iron absorption in adults. Three “regulators” of iron hemostasis mecha-
nisms have been identified which are referred to as the “erythropoietic regulator”, the
“stores regulator”, and the “dietary regulator” [7].

Iron deficiency and overload are protected by the regulation of these compart-
ments which are integrated to control iron absorption. The store’s regulator has a
predominant role in maintaining iron homeostasis in response to endogenous iron
stores. The dietary regulator may functionally respond to acute changes in iron intake,
primarily to prevent iron overload [7].

Iron is absorbed from the diet in primarily the duodenum and jejunum. Iron cannot
pass through cellular membrane unassisted. The primary importer of iron across the
apical membrane of the intestinal epithelial cell is divalent metal transporter 1 (DMTT1,
also known as Nramp2, and DCT1). To date, only 1 transmembrane transporter protein,
solute carrier family 11, member 2 (Slc11a2, also known as DMT1, is known to have
physiological importance in bringing iron into cells. DMT1 is essential for iron absorp-
tion, based on a murine study explained that lack the gene encoding DMT1 develop
severe IDA. Slc11a2 acts as a proton-dependent iron importer of Fe**. It can also transport
avariety of other divalent metal cations, including Mn”** Co* Cu** and Zn* [11].

Iron homeostasis is regulated at the level of intestinal absorption. Several proteins
must synchronize the transfer of iron across the enterocyte and into the systemic
circulation. Iron acquired from the diet, is generally in the ferric (Fe**) state and must
be reduced to the ferrous form (Fe* before uptake into the enterocyte, presumably
by an apical membrane-associated ferric reductase, possibly duodenal cytochrome b
(Dcytb), aiding the uptake of ferrous iron across the apical membrane into the entero-
cyte via divalent metal transporter 1 (DMT1) [7]. In adults, the only known transport
mechanism for iron from the intestinal lumen into the enterocyte, is DMT1. In the fetal
and infant human small intestine, a lactoferrin receptor has been found, and may be
important for iron uptake lactoferrin binds most iron in breast milk. The functional
importance of the lactoferrin receptor in human infants, is still not yet determined [4].

Hepcidin has an important role in the regulation of iron absorption. The hepatic
synthesis of this peptide is induced by high serum iron concentrations and circulating
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hepcidin leads to decreased expression of ferroportin on the basolateral membrane of
enterocytes, thereby blocking the dietary iron transport into the blood. On the con-
trary, hepcidin is downregulated in iron deficiency leading to an increase in intestinal
iron absorption. It is not yet known whether hepcidin is involved in the significant
developmental changes in iron metabolism that occur during the first year of life [4].
Iron homeostasis is primarily regulated at the level of intestinal absorption in adults;
thus, the ontogeny of this homeostatic system has developmental consequences. The
study from Lénnerdal and Kelleher explained a hypothesis that the increase in iron
absorption that occurs during infancy reflects the maturation of the small intestine iron
absorption mechanism to facilitate iron transfer into the systemic circulation [7].

2.3 Iron metabolism

Despite the magnitude of the difference in bioavailability of iron from breast
milk and infant formula varies among studies, most investigators agree that iron is
absorbed better from breast milk. A major part of iron in breast milk is associated
with lactoferrin. Human lactoferrin is absorbed across the apical membrane of the
intestinal cell via a specific lactoferrin receptor and internalized with its bound iron.
Thus, lactoferrin facilitates a unique mechanism for the absorption of iron from
breast milk. The molecular reasons for the lack of homeostasis of iron metabolism in
young infants are not yet known. Iron absorption is refractory to hepcidin during the
neonatal period, despite intact hepcidin signaling during this period. The mechanism
for iron absorption and its regulation is different during early life than in adults, so
further research is needed in this area [6].

Transferring transports absorbed iron to the liver, where it is taken up into hepa-
tocytes by transferrin receptors and stored sequestered in ferritin until needed. Iron is
released from ferritin and mobilized into the hepatic circulation for further distribu-
tion to the tissue, during times of high demand. The regulation of this process is just
beginning to be explained, and our concept has been aided by the identification of
several genes expressed in the liver that when mutated cause hereditary hemochroma-
tosis, resulting in iron overload. These genes contain those for hepcidin, hemochro-
matosis protein (HFE), transferrin receptor 2 (TfR2), and hemojuvelin [7].

3. Iron deficiency Anemia (IDA) in children
3.1 Etiology of iron deficiency anemia

Anemia may be caused by decreased RBC production, increased RBC destruction,
or blood loss [12]. In developing countries, iron deficiency (ID) and iron deficiency
anemia (IDA) typically result from insufficient dietary intake, loss of blood due to
intestinal worm colonization, or both. In high-income countries, certain eating habits
(e.g., vegetarian diet) and pathologic conditions (e.g., chronic blood loss or malab-
sorption) are the most common causes [13].

Inadequate intake together with rapid growth, low birth weight and gastrointestinal
loss due to excessive consumption of cow’s milk are the most common causes of IDA in
children. Iron crossing through the placenta is the only source of iron during the intra-
uterine period. In the final period of pregnancy, the total amount of iron in the fetus is
75 mg/kg. If there is no significant cause of blood loss, physiological anemia begins in
the postnatal period and iron stores are sufficient to provide erythropoiesis in the first

124



Potential Marker for Diagnosis and Screening of Iron Deficiency Anemia in Children
DOI: http://dx.doi.org/10.5772/intechopen.102792

6 months of life. Stores are exhausted earlier in babies with perinatal blood loss and in low
birth weight infants, since they are smaller. Improvement of the iron status and reduction
of the risk of iron deficiency can be done by delaying umbilical cord clamping [1].

The iron-fortified formula helps ensure adequate iron supplies for infants.
However, toddlers often have diets that contain large amounts of cow milk and
minimal amounts of iron-rich foods. The risk of iron deficiency may be increased by
the early introduction of whole cow milk (before 1 year of age) and consumption of
greater whole cow milk after the first year of life. Cow milk is not only low in iron, it
also interferes with iron absorption. Cow milk may cause unknown gastrointestinal
bleeding in some infants [14].

Adolescent females may become anemic due to menstrual losses. Some children
develop anemia due to Meckel diverticulum, chronic epistaxis, or inflammatory
bowel disease, which all cause blood loss. Iron is absorbed from the gastrointestinal
tract and transported into the blood bound to transferrin. Excess iron is stored
primarily in the liver, bone marrow, and spleen as ferritin [14].

3.2 Iron deficiency: clinical classification and clinical findings

Three main body iron compartments describe iron status inadequacy: iron stores,
transport iron, and functional iron. Depletion of each component leads to a differ-
ent iron deficiency stage. Short-term variations in physiologic iron needs are met by
the release of iron stores, the majority of which are available as intracellular ferritin,
predominantly in hepatocytes and specialized macrophages [15].

Iron deficiency (ID) can be divided into 4 major categories: 1) iron depletion (a
state in which the low level of iron affects nonhematologic pathways (e.g., brain,
muscle); where microcytic anemia that is classically seen in iron deficiency ane-
mia (IDA) is not found, 2) iron-restricted erythropoiesis (a condition with some
impairment of hematologic function without evidence of anemia or microcytosis),
3) IDA (a clinical picture with reduced hemoglobin levels, in which neurodevel-
opmental and musculoskeletal functions have been inhibited), 4) Functional iron
deficiency (a state in which iron stores are adequate but unavailable for biological
use). This typical laboratory findings of each category can be seen in Table 1 [5].

Laboratory Iron Iron-restricted Iron deficiency Functional iron
finding depletion erythropoiesis anemia deficiency
Hemoglobin Normal Normal Reduced Normal

MCV Normal Normal to reduced Reduced Reduced

Serum iron (SI) Normal Reduced Reduced Normal

Serum ferritin Reduced Reduced Reduced Normal to elevated
TIBC Normal Increased Increased Increased

sTfR Normal Increased Increased Increased

CHr or Ret-He Normal Decreased Decreased Decreased
Hepcidin Reduced Reduced Reduced Elevated

MCV: mean corpuscular volume; TIBC: total ivon-binding capacity; sTfR: soluble transferrin receptor; CHr or Ret-He:
reticulocyte hemoglobin content.

Table 1.
Classification of the ivon states and associated laboratory findings.
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Iron deficiency affects a variety of physiological functions [5]. Iron deficiency
refers to the reduction of iron stores that precedes overt iron deficiency anemia or
persists without progression. Iron deficiency anemia is a more severe condition in
which low levels of iron are associated with anemia and the presence of microcytic
hypochromic red cells [13].

Serum ferritin represents a small fraction of the body’s ferritin pool, but the con-
centration of ferritin reflects the amount of iron stores. Once iron stores are depleted,
the first stage of iron deficiency (ID) is reached, namely iron depletion, but there are
no erythropoietic consequences yet [15].

The iron supply provided by the transport iron compartment is mainly for red
blood cell (RBC) production because the demand of iron for erythropoiesis is much
larger than other tissues. The second stage of ID, namely iron-deficiency erythropoi-
esis, occurs without showing a notable decrease in hemoglobin concentration, when
the supply can no longer be met. Laboratory parameters providing information about
the adequacy of iron supply are transferrin saturation (TSAT) and the concentrations
of erythrocyte protoporphyrin (EP), and soluble transferrin receptor (sTfR). The
percentage of binding sites on all transferrin molecules occupied with iron molecules
is represented by TSAT, and is calculated as the ratio of serum iron to transferrin or
serum iron to total iron-binding capacity (TIBC) [15].

Impairment of the delivery of iron to erythroid is indicated by iron-restricted
erythropoiesis, no matter how replete the stores. In cases of anemia of chronic inflam-
mation, stores may be normal or even increased because of iron sequestration, which
is observed in patients with autoimmune disorders, infections, and chronic kidney
diseases [13]. Common indicator considerations require biological confounding caused
by the inflammation. Inflammation is a highly complex biological process, confound-
ing the interpretation of iron status indicators, especially serum ferritin concentration
because it increases in response to inflammation as well as to increased iron stores [15].

In uncomplicated IDA (without inflammation response), there is a reduction in
iron stores, transport iron, and functional iron. Transferrin production is upregulated
to increase iron transport, as soon as the iron supply to erythropoiesis becomes insuf-
ficient. Upregulation of transferrin receptor production happens to facilitate iron
delivery to cells increasing sTfR, and zinc protoporphyrin (ZPP) is produced instead
of heme resulting in an increase of erythrocyte protoporphyrin (EP). Serum ferritin
and Hb concentration are important indicators in uncomplicated IDA [15].

The functional iron deficiency is a state of iron-poor erythropoiesis in which
there is an insufficient mobilization of iron from stores in the presence of increased
demands, as is observed after treatment with erythropoiesis-stimulating agents [13].

3.3 Diagnosis and laboratory findings

A detailed history (anamnesis) of the patient and physical examination is crucial
in the diagnosis of all diseases in medical science. A study has shown that a detailed
history can diagnose anemia with a sensitivity of 71% and specificity of 79% [16].
Particularly, prenatal period, times of starting breastmilk and solid foods, bleeding
history and nutrition should be considered in detail, also signs other systemic diseases
and anemia that may accompany [1].

A hemoglobin (Hb) value 5 percentile below the normal hemoglobin value
specified for that age or reduced erythrocyte count in healthy individuals is defined
as anemia. Anemia should be defined by paying attention to the lower limit of the
normal value for different age groups and gender [1]. Hemoglobin concentration is
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the key indicator for a functionally important iron deficit, specifically iron deficiency
anemia (IDA). The hematocrit does not reveal any additional information other than
hemoglobin [15]. Based on the size of RBC, hematologists categorize the anemia as
macrocytic, normocytic, or microcytic [12].

Anemia in children has a broad differential diagnosis, but it narrows once the
anemia is classified further as microcytic. The most common causes of this in children
are iron deficiency and thalassemia minor. Microcytosis also results from lead poison-
ing, chronic diseases (e.g., inflammation, infection, etc.), sideroblastic anemia, and
other rare conditions [14].

Reduction in MCV and MCH (mean corpuscular hemoglobin) in a CBC resultisa
manifestation of reduced hemoglobin in erythrocytes. The erythrocytes are paler and
smaller than normal on the peripheral blood smear, (microcytic and hypochromic).
MCV and MCH are parallel to each other; meaning erythrocytes may be microcytic and
hypochromic at the same time. An MCH below 27 pg. is considered low. The normal
value of MCV ranges between 80 and 99 fL, but in children, normal values differ
according to age. Laboratory findings in iron deficiency are shown in Table 2 below [1].
The data from our study (Table 3) shows significant differences in hematologic param-
eters between the f-thalassemia minor and IDA groups. The higher RBC increase in the
IDA group compared to the f-thalassemia minor (BTMi) group was probably related to
the administration of iron therapy in children with IDA [17].

Differential diagnosis of microcytic hypochromic anemia is very important to
consider because the interpretation of its’ peripheral blood can be found in iron

Complete blood count:

RDW >14

RBC: low

Hb, Hct: low according to age and gender

MCV: low according to age and gender

When specifying the lower limit of MCV: 70 + age (for >10 years)
(if MCV is <72, generally abnormal)

Upper limit of MCV: 84 + age x 0.6 (for >6 months)
(if MCV is >98, always abnormal)

MCH <27 pg.

MCHC <30%

Thrombocytosis

Rarely: thrombocytopenia, leukopenia

Peripheral blood smear:

Hypochromic

Microcytosis

Anisochromic

Anisocytosis

Pencil cells

Rarely: basophilic stippling, target cells, hyper segmented neutrophils
Serum ferritin <12 ng/mL

"Serum iron <30 mcg/dL

"TIBC >480 mcg/dL

Transferrin saturation (SI/TIBC x 100%) <16%
Mentzer index (MCV/RBC) <13

‘May change by age, gender, and other factors. Should be evaluated together.

Table 2.
Iron deficiency laboratory findings.
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Parameter BTMi (n: 159) IDA (n: 64)

Range Mean * SD Range Mean * SD
Hb (g/dL) 4.49-14 8.53+ 162 5.07-163 10.96 + 2.13
Het (%) 136-438 2757 + 5.06 14.7-51.6' 3415+ 6.89
RBC (x10°/pL) 19-677 3.86+ 0.81 2.06-6.05 446+ 8.86
MCV (fL) 55.0-99.3 7195+ 676 63.4-90.7 7648 + 485
MCH (pg) 16.6-31.7 2234+ 3.02° 20.0-28.7 2459 + 211
MCHC 26.5-34.9 3096+ 1.86° 276-349 3220+ 145
RDW-CV (%) 8.3-34 2015+ 4.77 10.5-30.9" 14.6 + 3.28

Note: Hb: hemoglobin; RBC: red blood cell; MCV: mean corpuscular volume; MCH: mean corpuscular hemoglobin;
MCHC: mean corpuscular hemoglobin concentration; RDOW-CV: ved cell distribution width-coefficient of
variation. Significant, p < 0.001.

Table 3.
Hematological parameters of the group of p-thalassemia minor (BTMi) and iron deficiency anemia.

deficiency anemia and p-thalassemia trait. Iron deficiency and p-thalassemia minor
are best differentiated using serum ferritin level, serum iron level, total iron-binding
capacity, transferrin saturation, and Hb A2 level, along with a complete blood count
(CBC) and examination of peripheral blood film [18]. Carriers of p-thalassemia are
usually clinically asymptomatic. However, they have characteristics of the CBCs with
mean corpuscular volume (MCV) less than 80 fL and mean corpuscular hemoglobin
(MCH) less than 27 p. [19].

Anemia evaluation can be done by an array of tests, but there is no single “best” test
to diagnose iron deficiency, with or without anemia. The “gold standard” for identify-
ing iron deficiency is bone marrow biopsy with Prussian blue staining. Since, bone
marrow aspiration is an invasive procedure, indirect assays are used for routine use.
The laboratory tests that may be used to support and consider the diagnosis of iron
deficiency are complete blood count (CBC), peripheral blood smear, reticulocyte, iron
profile (SI, TIBC, and transferrin saturation index), sTfR level, and biochemical tests
based on iron metabolism (e.g., zinc protoporphyrin-ZPP, serum ferritin concentra-
tion) [14]. In CBC, if anemia is present, it should be primarily checked if hemoglo-
bin and hematocrit values are normal for age and gender. In infants younger than
6 months, lower values are observed because of physiological anemia, but hemoglobin
levels are not expected to be lower than 9 g/dL in physiological anemia in term infants
if there is no other accompanying factor [1].

4, Conclusion

Iron has a role in various essential physiological functions, such as oxygen trans-
port, gene regulation, DNA synthesis, DNA repair, and brain function. Depletion of
and inability to use iron disturbs these pathways and causes multiple morbidities. Iron
deficiency anemia (IDA) is a well-known complication, but iron deficiency alone may
cause negative impacts on the health risk of pediatric patients.

The high prevalence of iron deficiency anemia in developing countries most often
is attributed to nutritional deficiencies worsened by chronic blood loss due to para-
sitic infections and malaria. The differential diagnosis for anemia in children is broad,
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but it narrows once the anemia is classified further as microcytic. Iron deficiency and
thalassemia minor are the most common causes of microcytic anemia in children.

An array of tests can be used for evaluating anemia, but there is no single “best”
test to diagnose iron deficiency, with or without anemia. The “gold standard” for
identifying iron deficiency is bone marrow biopsy with Prussian blue staining. The
laboratory tests that may be used to support and consider the diagnosis of iron defi-
ciency are complete blood count (CBC), peripheral blood smear, reticulocyte, iron
profile (SI, TIBC, and transferrin saturation index), sTfR level, and biochemical tests
are based on iron metabolism.
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FERALGINE™ a New Oral iron
Compound
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Abstract

Management of iron deficiency (ID) and iron deficiency anemia (IDA) is primar-
ily focused to remove, when possible, the underlying cause of ID; subsequently its
treatment is primary focused on iron stores repletion. Ferrous sulphate (FS) remains
the mainstay of treatment and it is reccommended as the first-line treatment of ID
and IDA in children as in adults by all guidelines of scientific societies. However the
effectiveness of FS is largely compromised by increased adverse effects, poor compli-
ance and discontinuation of treatment. A new oral iron source named FERALGINE™
(FBC-A) has been recently developed. This new molecule is a patented co-processed
one-to-one ratio compound between Ferrous Bysglicinate Chelate (FBC) and Sodium
Alginate (AA), obtained by using a spray drying technology. The data presented
in this short review highlight the efficacy and safety of the treatment with FBC-A
and support its use in adult patients with IDA. Furthermore the present review also
provides preliminary evidence to suggest FBC-A as first-line treatment for ID/IDA in
patients with celiac disease (CD) or inflammatory bowel diseases (IBD).

Keywords: Iron deficiency, Iron deficiency anemia, oral treatment, compliance

1. Introduction

Iron deficiency (ID) is the most common nutritional deficiency worldwide, heav-
ily concentrated in several regions including Asia, Latin America and Africa, where
it may affect up to 60% of the entire population. In countries with high development
rate prevalence of iron deficiency anemia (IDA) is estimated at 9% and accounts
approximately for 50% of all anemia cases, representing a frequent medical condition
encountered in clinical practice by general practitioners, pediatricians and several
other specialists. In these countries the prevalence of ID/IDA is higher in pediatric
age, especially in two life phases: one that occurs between the first and third year of
life (2.3-15%) and another in adolescence (3.5-13% in males, 11-33% in females). In
adults its prevalence is less than 1% in men <50 years of age, 2-4% in men >50 years
of age, 9-20% in menstruating teenagers and young women, and 5 to 7% in post-
menopausal women. In people older than 65 years its prevalence is 12%. World Health
Organization (WHO) data show that ID/IDA in pregnancy is a significant problem
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throughout the world with a prevalence ranging from an average of 14% of pregnant
women in industrialized countries to an average of 56% (range 35-75%) in developing
countries [1-5].

The most frequent etiologic factors in ID/IDA are decrease iron intake, impaired
iron absorption, increase iron loss and increased iron requirements. In adult females
increased menstrual flows and reduced iron absorption, as occurs in celiac disease
(CD), are the most common mechanisms of ID/IDA. Vegetarians, especially veg-
ans, obese individuals, blood donors and competitive endurance athletes represent
populations at risk of ID/IDA. In children increased daily requirement and CD are the
leading causes of ID/IDA [1-5].

Iron (Fe) is an essential trace mineral naturally present in many foods, but it is also
available as a dietary supplement. In the typical western diet iron is mainly (85-90%)
present as inorganic form Fe2+ (ferrous) and Fe3+ (ferric), the remaining amount
as heme form. The diet contains up to 20 mg of daily iron intake of which 1-2 mg
are absorbed. Fe3+ is less bioavailable as it has to be converted into Fe2+ in order to
be absorbed. The absorption of Fe2+ primarily occurs in the proximal duodenum, at
the brush border of the mucosa cells, through a membrane transport protein called
Divalent Metal Transporter 1 (DMT1). This process is regulated by the cytochrome B
(DCYTB), a ferric reductase located on the apical membrane of duodenal enterocytes.
Otherwise heme-iron is absorbed in the same bowel district, but separately from
DMT1 and more efficiently than inorganic Fe [1-5].

Management of ID/IDA is primarily aimed at removing, whenever possible, the
underlying cause of ID. Subsequently iron replacement is always indicated to replete
iron stores. The use of oral iron formulations is the current standard treatment;
however in certain situations discussion remain open if the intravenous iron might be
a more suitable modality for iron supplementation [1-5].

Ferrous sulphate (FS) remains the mainstay of treatment since it was first
introduced in 1832 by the French physician Pierre Blaud (Blaud pills) and it is
recommended as the first-line treatment of ID/IDA in children and in adults by all
guidelines of scientific societies. Two other bivalent iron preparations are primary
suggested: ferrous gluconate and ferrous fumarate. None of these compounds seem to
be better than the others [1-5].

The optimal oral iron dose of FS is yet to be established. Traditionally recom-
mended dose in children is 2-6 mg/kg/day in term of elemental iron [5]. In ado-
lescents and adults recommended dose is 50-200 mg once daily or in divide doses
[1-4]. The optimum frequency of oral supplementation is still uncertain. It has been
demonstrated that one day treatment saturates the intestinal absorption processes.
According to more recent data of the literature the administration of iron on every
other day might be equal or more effective than daily doses with less side effects
[2, 4, 6]. When therapy is fully effective the anticipated increase in hemoglobin levels
occur after 2 to 3 weeks (increase by 1-2 g/dl within 1 month) of iron treatment, and
reaches normal levels by 2-3 months. When the hemoglobin levels have been cor-
rected, treatment should be continued for 3-4 months in order to completely fill the
body’s iron stores [1-5].

Ferrous sulphate absorption ranges between 5-28% at the fastest. During oral iron
therapy non-absorbed iron is potentially toxic for the gastrointestinal mucosa due
to its oxidative properties leading to occurrence of gastro-intestinal adverse events.
Nausea, vomiting, diarrhea or constipation, epigastric discomfort and colicky pain
often represent a limit for patient domiciliary compliance decreasing the adherence to
protocols with consequent failure of therapy efficacy. Actually many patients (20-70%)
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experience some type of gastrointestinal discomfort during oral iron salts intake, jeop-
ardizing the prolonged (several months) planned treatment [1-7]: up to 40% of patients
may self-discontinue the medication without discussing with medical doctor [8]. It is not
surprising that effectiveness of oral iron is largely compromised by lack of absorption,
poor compliance, increased adverse effects and discontinuation of treatment.

In order to improve tolerability several formulations with Fe2+ or Fe3+ have been
proposed by pharmaceutical laboratories during the last decades. Generally these oral
iron compounds are better tolerated than FS but may be less effective in iron replace-
ment, ferrous compounds remaining anyway more absorbed than trivalent ones.
However, often these preparations have the common drawback of being less effective
in malabsorptive disorders [1-7]. Clinical studies concerning these new compounds
remain limited while rigorously randomized designed clinicaltrials are often lacking.

Iron amino acid chelates represent a source of iron which has proven to be highly
bioavailable with decreased extent gastrointestinal adverse effects when compared to
FS [9]. Ferrous Bisglycinate Chelate (FBC) is the most studied compound among these
new formulations. In FBC one molecule of ferrous iron is chelated by two molecules
of glycine resulting in two heterocyclic rings. Several clinical trials showed clinical
bioequivalence between this source of iron at low dosage and FS at standard doses with
ratio 1 to 4 [10-12]. Unfortunately, during treatment with FBC, albeit very rare, some
gastro-intestinal adverse effects can occur. Another limit of FBC could be represented
by “the iron taste” of the preparation that might worsen patient compliance.

To ameliorate its bioavailability, taste and tolerability, a new oral iron source
named FERALGINE™ (FBC-A) has been recently developed [13, 14]. This new
molecule is a patented co-processed one-to-one ratio compound between FBC and
Sodium Alginate (AA), obtainedby using a spray drying technology [15, 16]. AA as
well as FBC has been recognized as GRAS by FDA [17].

Sodium Alginate has usually been used as “gastro-protection” It is a non-toxic,
biocompatible, biodegradable polymer, which belongs to the polysaccharides natu-
rally present in seaweed. The contact between AA and the acidic environment in the
stomach leads to the formation of a gel layer that hasa protective effect on the mucosa
membranes of the stomach and esophagus. For this reason AA is an ingredient of
many medications (antacids) commonly used in the treatment of heartburn and
reflux diseases [18, 19]. Mucoadhesive microsphere of AA have recently demonstrated
to be a unique “carrier system” for many pharmaceuticals preparation increasing
not only oral iron but also other drugs bioavailability such as metformin, amoxicil-
lin, furosemide, ibuprofen, insulin, acyclovir, captopril, glipizide, dicumarol. This
“carrier system” results really in a promising and cost-effective method drug delivery
system to improve oral bioavailability and to reduce gastrointestinal drugs side effects
[20-22]. Spray drying is one of the most powerful technological process for the
pharmaceutical industry << being an ideal process where the moisture content, bulk
density and morphology end-product must comply with precise quality standards
regarding particle size distribution, residual moisture content, bulk density and
morphology>> [15, 16, 23-25]. (Figure 1) Spray drying technology comes of age
during World War II, with the sudden need to reduce the transport weight of foods
and other materials. This technique enables the transformation of feed from a fluid
state into dried particulate form by spraying the feed into a hot drying medium. It is
a continuous particle processing drying operation. As well described by Gervasi et
al. < <spray drying process mainly involves five steps: 1) Concentration: feedstock is
normally concentrated prior to introduction into the spray dryer; 2) Atomization: the
atomization stage creates the optimum condition for evaporation to a dried product
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Figure 1.
Spray drying system.

having the desired characteristic; 3) Droplet-air contact: in the chamber, atomized
liquids brought into contact with hot gas, resulting in evaporation of 95% of the water
contained in the droplets in a matter of a few minutes; 4) Droplet drying: moisture
evaporation takes place in two stages: during the first stage, there is sufficient mois-
ture in the drop to replace the liquid evaporated at the surface and evaporation takes
place at a relatively constant rate and the second stage begins when there is no longer
enough moisture to maintain saturated conditions at the droplet surface, causing a
dried shell to form at the surface. Evaporation then depends on the diffusion of mois-
ture through the shell, which is increasing in thickness; 5) Separation: cyclones, bag
filter, and electrostatic precipitators may be used for the final separation stage>> [14].
In FBC-A, since FBC and AA are present in 1 to 1 ratio, every little particle of the
powder has the same morphology and quantity of the two different co-processed
substances. The new “co-processed compound”, obtained by spray drying technology,
confers to the iron powder an increased and uniform superficial area and, conse-
quently, quick and more extensive iron absorption together with an increased gastro-
intestinal protection (Figure 2). In the same time, the uniform presence of AA in this

Figure 2.
FBC-A powder (picture making by stereomicroscopy Wild Heerbrugg Makroskop M420 linked to an OPTIKAM
MICROSCOPY DIGITAL USB CAMERA) [14].
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product, allows theFBC to be released more constantly and slowly when confronted to
FBC alone and let the DMT1 receptors to better uptake iron. DMT1 receptor saturation
could be a limit in oral iron bioavailability that could be exceeded by FBC-A. In fact,
slowly availability of iron by FBC-A administration could result in DMT-1 unsatura-
tion with the consequence of increasing iron bioavailability [13, 14, 23-25].

2. Clinical studies

Preliminary clinical trials confirm the bioavailable of FBC-A whiles the “dispert
effect” of AA on FBC accounts for the good tolerability at gastro-enteric levels. FBC-A
also improves iron taste when compared to FBC alone, increasing patient’s compliance.

Ame et al. studied 12 patients (9 women and 3 men with medium age of
63.83 + 20.94 years) affected by IDA (4 patients present multifactorial anemia, 2
hypermenorrhea-related anemia, 2 cancer-related anemia, 2 increased-iron loss
anemia, 1 post transplantation anemia and1 hypo-regenerative anemia), enrolled in
an open prospective uncontrolled pivotal clinical trial. Mean hemoglobin (Hb) levels
at the beginning of study (T0) were 10.49 g/dl (range 7.8-11.9 g/dl), mean serum
iron values were 27,9 pg/dL (range 13-39 pg/dL) and mean serum ferritin (SF) values
were 26 pg/ml (range 4-89 pg/ml). The patients presented history of chronic fatigue
and/or asthenia at enrolment. All patients received FBC-A (30 mg of elemental iron)
once a day for a period lasting from 35 days to 60 days (mean 46.25 days). At the end
of treatment (T1) mean Hb values were 11.6 g/dl (range 8.9-13.9 g/dl), mean serum
iron values were 48.9 mg/1d. (range 34-68 mg/dl) and mean SF values were 35 pg/ml
(range 9-94 pg/ml), (p < 0.0001) (Figure 3). No FBC-A adverse events or therapy
interruption were reported during the trial. Significant as a small quantity of elemen-
tal iron (30 mg daily) has been able to increase the Hb as required by international
guidelines (1 g/dl.Hb/month) confirming the high bioavailability ofthis new com-
pound. Subject performances ameliorated significantly in all patients [26].

Celiac disease (CD) is an immunologically-mediated disorder characterized by
duodenal mucosa villi atrophy. As iron is primarily absorbed at duodenum level, iron
absorption is reduced in celiac patients. In fact, the most frequent extra-intestinal
manifestation of CD is IDA, with a prevalence between 12 and 82% in patients with
new CD diagnosis. Absorption of FS and other iron formulationsis limited in patients
with undiagnosed and active CD. Iron supplementation generally results less effective
in these patients leading to a form of refractory IDA. The effectiveness of iron admin-
istration may be reduced also during the first months of gluten-free diet (GFD), when
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Figure 3.

Increase in mean Hb and SF levels from time To to T1 after administration of FBC-A [26].
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the mucosa healing is yet on-going. Furthermore a poor iron compoundstolerabilityis
particularly frequent in patients with CD, decreasing patient’s compliance. These events
increase the risk of making every kind of oral iron treatment unhelpful [27, 28].

The oral iron absorption test (OIAT) is an old screening test to assess iron absorp-
tion. Forgotten for many years it has been recently re-evaluated in clinical practice
[29, 30]. The test consists of measuring plasma iron increase in the next hours after a
single dose of an oral iron preparation. It has been demonstrated that this increment
reflects the real capacity of iron absorption from the gastrointestinal tract [29, 30].

In a previous study we tested FBC by OIAT in pediatric patients affected by overt
CD (disease at diagnosis before starting GFD) or on GFD, showing as FBC was well
absorbed in spite of duodenal mucosal lesions [31].

More recently Giancotti et al. studied 26 patients with IDA of which 14 were also
affected by overt CD (mean age: 32.28 years) and 12 were not affected (mean age:
33.58 years) [32]. The demographic and laboratory baseline parameters of the patients
are summarized in Table 1.

An OIAT was performed in each patient by administrating FBC-A (60 milligrams of
elemental iron). Serum iron was evaluated at baseline (T0) and after 2 h (T1) from the
iron ingestion. The OIAT was well tolerated in all patients. There was a clear improve-
ment in iron serum in all patients (T0 = 31.30 pg/dL vs. T1 = 105.3 pg/dL # p < 0.0001).
The relationship between the severity of IDA and the absorption of iron showed that
patients with severe anemia (Hb < 10 g/dL) had an higher increase in serum iron after
the OIAT (about nine times) compared to patients with mild/moderate forms of anemia
(TO 12.00 pg/dL and 35.76 pg/dL vs T1109.20 pg/dL and 104.66 pg/dL in severe anemia
and mild/moderate anemia, respectively). Surprisingly, an equivalent improvement
in serum iron occurred in the two groups of patients (IDA plus CD and IDA without
CD): TO = 28.21 pg/dl vs. T1 = 94.14 pg/dl, (p = 0.004) in the first group (Group A) and
TO = 34.91 pg/dl vs. T1 = 118.83 pg/dl (p = 0.0003), in the other group (Group B) respec-
tively as shown in Figure 4 [32]. All the 26 patients were compliant to the treatment
with FBC-A (60 milligrams of elemental iron once a day) and continued it until normal-
ization of Hb levels and SF that occurred after 3 and 5 months. Response to treatment
was monitored with periodical evaluation of Hb, serum iron, transferrin saturation and
SF (unpublished personal data).

These results clearly demonstrated that FBC-A is well tolerated and well
absorbed, not only in anemic non-celiac patients but also in patients with overt CD.
Furthermore as it is widely assumed that side effects limit compliance to iron oral
treatment, these results confirm that FBC-A is very promising for treatment of iron
deficiency also in patients affected by CD.

Talarico et al. referred a 22-year-old girl with IDA resistant to FS therapy who was
finally diagnosed as a celiac patient with multiple duodenal biopsies. A strictly GFD was
then prescribed and in order to evaluate the absorption of a different iron compound,
an OIAT was performed with FBC-A at the dosage of 30 mg of elemental iron. The
results confirmed a good iron absorption as the serum iron increased from 27 pg/dl at

Males Females Hb = SD (g/dl) Serum ferritin+SD (ng/dl) Serum iron +SD pg/dL)

Celiac-IDA 2 12 11.07 + 1.04 1044 + 159 28.21+14.9
Non-celiac IDA 0 12 10.80 + 0.9 12.30 +13.8 3491+232
Table 1.

The demographic and labovatory baseline parameters of the patients [32].
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Figure 4.
Change in serum ivon levels in patient with IDA and CD (group A) and without CD (group B) after OIAT [32].

baseline (TO) to 93.2 pg/dl after two hours (T1). Then, treatment with FBC-A at a dos-
age of 30 mg/day was promptly started. A general status recovery was observed in a few
days. After 3 months Hb reached 11.5 g/dl; after 6 months iron stores were replaced (SF
50 ng/dl). CD serology normalized after one year, with complete resolution of anemia
and gastrointestinal symptoms [33]. This case report confirms the efficacy of FBC-A in
patients with overt CD, being already well absorbed during the first months of GFD.

Rondinelli et al. performed an OIAT study after oral ingestion of FBC-A (60 mg
of elemental iron) on 14 patients (8 females and 6 males) with IDA (mean age
55.28 + 8.17 years). The mean Hb level was 9.7 g/dl (range 8.7-10.7g/dl) and mean SF
level was 8.23 ng/ml (4-12 ng/ml). At baseline time (T0) mean plasma iron was 11.21 pg/
dl + 10.66. Two hours after taking FBC-Ain fasting condition (T2) mean plasma iron
increased significantly to 111.00 pg/dl + 51.56 (p < 0.00001) (Figure5) [34].

The increase of serum iron was greater than that observed after administration of
bivalent iron by others authors (Figure 6).

Crohn’s disease and ulcerative colitis are the two expressions of the Inflammatory
Bowel Disease (IBD), a complex of immunologically mediated diseases due to a
dysregulated immune response to commensal flora in a genetically susceptible host.
Among IBD patients, IDA is more frequent than in general population, due to multifac-
torial reasons including chronically inflammation, blood loss and low iron absorption.
Goodhand et al. showed as children (88%) and adolescents (83%) were more often

120 111.00

8O

p<0.00001

20 11.21

Figures.
OIAT: plasma iron before (TO) and after 2 hours (T2) from 60 mg of FBC-A [34].
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Plasma lron (ug/di)

Figure 6.
Expected theoretical plasma iron level after 2 hours from 200 mg of elemental iron salts administration (blue
lines) versus experimental FBC-A 60 mg elemental ivon oval administration (yellow line) [34].

iron-deficient than adults (55%). The efficacy of oral iron treatment might be ham-
pered by a significant incidence of gastrointestinal side effects and the exacerbation of
an existing colitis, that limit adherence to therapy in near half of patients [35]. It has
been shown that in adults the adherence to therapy lowers to 10-42% within 2 months.
Consequently treatment with oral iron results in failure to control anemia in 2 out of 3
IBD patients as reported by Lugg et al. [36] According to the last European Crohns and
Colitis Organization [ECCO] guidelines, oral iron therapy is recommended for patients
with mild IDA and clinically inactive IBD, with no history of intolerance to oral iron;
instead intravenous (IV) administration iron should be considered in patients with
clinically active IBD with previous intolerance to oral iron [37]. However although
adverse reactions to modern IV iron formulations are rarely severe, given the poten-
tially fatal side effects this treatment is generally only performed in a hospital setting
where ready access to resuscitation equipments is available. Furthermore IV treatment
has a significant incremental cost respect to oral iron treatment [37]. A recent review
by Foteinogiannopoulou et al. on 1394 Greek patients with IBD showed that among
those who received iron intravenously (393) about 89.3% responded, in contrast to
only 54.2% of those who received iron orally (142). Furthermore 31% of patients that
received iron orally presented with adverse events, mostly gastrointestinal symptoms
that eventually led to cessation ofthe treatment. On the other hand, about 7.9% that
received iron intravenously experienced adverse events during infusion. The availabil-
ity of a well absorbed oral compound with good tolerability would be of great benefit
for these patients, avoiding the need of intravenous treatment [38].

Vernero et al. performed a study with FBC-A in patients affected by IBD. They
enrolled 52 patients with IBD, mean age 47 years (range 15-86 years) presenting
with IDA. Mean Hb level was 11 g/dl (range 10.72-11.47 g/dl) and mean SF level
was 21.4 ng/ml (range 3.09-39.7 ng/ml). Patients received FBC-A 30 mg once a day
for 3 months. Response to therapy was monitored by periodical evaluation of Hb
and SF. At the end of the study Hb mean value was 12.2 g/dl (range 11.6-12.52 g/dl)
(p = 0,0001). Mean SF increased to 74 ng/ml (range 14.4-133.7 ng/ml), a difference
near to the statistical significance (p = 0,07). Regarding FBC-Atolerability, 90%
of patients reported good tolerance to treatment, while 10% of them experienced
dyspepsia and worsening of diarrhea. Only 6% of patients suspended oral iron
supplementation due to gastroenteric intolerance (adherence rate 94%) [39].
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Sprecacenere et al. evaluated the impact of a 4 weeks course of FBC-A (30 mg/
day) on a cohort of 52 blood donors presenting with IDA (mean Hb level11.8 + 0.7 gr/
dl and mean SF level 14.8 + 9.8 ng/ml). After treatment mean Hb level increased to
13.3 + 1 gr/dL (p = 0,007) and mean SF level to 21.8 + 13.5 ng/ml (p = 0,02) [40].

Iron requirements drastically increase during pregnancy to accommodate an
expandingred cell volume, growing fetus and placenta. The global prevalence of ane-
mia in pregnancy is estimated to be approximately 38-42%. ID may be present in up
to 80% of women in the second/third trimester of pregnancy and postpartum, if not
supplemented with iron. Oral iron treatment is still considered a frontline therapy for
IDA in pregnancy but gastrointestinal side effects are common leading to a high ratio
of non-adherence to treatment [41]. Bertini et al. described 21 pregnant women with
moderate IDA (Hb < 11 g/dl and SF < 25 ng/ml at time TO) supplemented with 30 mg/
day of elemental iron in the form of FBC-A and evaluated at 15 days (T1) and 30 days
(T2) of treatment. Hb and SF levels increased in all the enrolled women at T1 and T2
interval (Hb T1vs. TO p < 0.004; T2 vs.TO p < 0.00001 and T2 vs. T1 p < 0.003) (SF
T1vs. TO p < 0.0001; T2 5. TO p < 0.00001; T2 vs. T1 p < 0.05). This study provided
evidence that a small quantity of elemental iron (30 mg/day in form of FBC-A)
administered by oral route is rapidly effective in restoring Hb and SF levels in preg-
nant women affected by moderate IDA, without gastrointestinal adverse effects [42].

3. Discussion

It is well documented that ID/IDA impacts negatively on the affected patients by
disturbing multiple organs function possibly leading to a multitude of symptoms
that compromise the general well-being, quality of life and individual performance.
Successful management of ID/IDA primarily requires identification and treatment of
the underlying cause(s) of the ID. After that replacement should be established for
all patients with IDA/IDA with or without symptoms. Oral iron salts such as ferrous
fumarate, ferrous gluconate, and ferrous sulfate have been the mainstay of oral iron
supplementation as they are inexpensive, effective at restoring ironbalance, and have
a good overall safety and tolerability profile. However, in several patients absorption
of oral iron salts is inadequate, and poor tolerance results in reduced adherence to
therapy. Some other compounds are nowavailable as alternative therapies. Usually
they have a more tolerability profile over the traditional iron salts but often no studies
comparing the clinical or cost effectiveness of these different oral iron products are
availableThis short review summarizes all clinical studies on FBC-A published so far.

Several studies demonstrated that OIAT is a good index for the evaluation of iron
absorption and might a reliable test to investigate the bioavailability of the various
iron formulations [29-31]. The studies of Giancotti et al. [32], Talarico et al. [33] and
Rondinelli et al. [34] performing OIAT clearly show as the FBC-A is well absorbed and
well tolerated. Furthermore these studies evidence as the compound is useful to restore
Hb and SF levels confirming as combination between FBC and AA adds a very safe pro-
file in terms of gastrointestinal adverse events and taste, improving patient’s compliance.

Most of patients with GI has impaired iron absorption and develop ID/IDA. They
often do not tolerate FS or other ironcompounds, leading to forms of refractory IDA
resistant to treatment. Our review clearly show as FBC-A may be effective in CD [32, 33]
and IBD [39] that represent frequent causes of refractory IDA. Then this new oral iron
formulation appears promising in terms of safety and efficacy for these patients and
might be suggested as first-line treatment. So far there are not studies regarding the use of
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FBC-A in other rare forms of impaired iron aborption as those found in gastrectomized
patients or in patients with achloridria. Parenteral iron treatment is often recommended in
these conditions. We believe that FBC-A might play a role in their management. However
future studies are advisable.

Our previous study clearly showed that FBC is well absorbed in pediatric patients
with CD [31]. Two other studies from our group reported in this review confirmed
the good absorption and tolerability also for FBC-A in celiac patients with overt CD
and during the first months of GFD [32, 33]. In our opinion these results support the
possibility that this preparation might be considered the treatment of choice for celiac
patients with ID/IDA. Despite these clinical results the mechanism underlying the good
absorption of FBC-A in CD remains unclear. Many studies have shown that aminoacid-
chelated iron is better absorbed and better tolerated than FS and other types of inor-
ganic iron [9-12]. In particular it has been demonstrated that low dosage of FBCis equal
or better than standard dosage of FS in adults, in infants and in children [43-45]. The
intestinal absorption of non-heme iron is mediated by DMT1 that is less expressed in
CD as a consequence of the mucosa’ lesions. This situation may explain why non-heme
iron is less absorbed in this disease. Recent studies in pigs showed how FBC increases
transcription of DMT1 and PepT1 genes, this latter coding for a heme-iron transporter.
Therefore, the author suggested that FBC might be absorbed also as heme-iron, via
the PepT1 [46]. Other studies revealed as FBC is absorbed intact by intestinal cells,
highlighting the possibility that FBC absorption may occur also independently of the
presence of DMT1 [47]. Moreover, latest findings of a slow and constant release of iron
from FBC-A might explain the high bioavailability of iron, also in CD patients [25].

When to use IV versus oral iron administration in patients with IBD still repre-
sents an on-going topic of debate between clinicians [48]. According to the last ECCO
consensus paper the usual treatment of IDA per os has relevant limitations in IBD
patients, in factoral iron formulations use is restricted due to poor tolerability and
patient compliance. The same consensus paper underlines as IV iron is more effective,
shows a faster response, and is better tolerated than oral iron [37]. However although
new IV iron formulations have proved to be bettertolerated and lead to a faster Hb
rise than oral iron, there is still hesitancy among gastroenterologists to promote this
administration due to its risk of hypersensitivity reactions [38]. The results obtained
by Vernero et al. on IBD patients highlight as FBC-A is effective and well tolerated in
subjects with intestinal mucosa lesions who generally are poor responders to oral iron
treatment and have reduced compliance. If these data will be confirmed on larger
cohorts, FBC-A might be considered a good candidate for the first-line treatment
in patients with IBD and ID/IDA, avoiding IV approach. It would be interesting to
compare FBC-A treatment versus IV formulations in large comparative trials.

Milman et al. showed as FBC 25 mg iron is as effective as FS 50 mg iron in the
prophylaxis of ID/IDA during pregnancy in a randomized trial [43]. The paper of
Bertini et al. confirmed the benefit of FBC-A 30 mg/die in pregnancy. Considering
the good absorption and the low side effects, FBC-A might be an useful alternative to
FS in pregnant women who often display poor compliance to oral iron preparations.

Oral iron is often poorly tolerated in patients with iron deficiency secondary to infec-
tion, inflammation, renal and malignant diseases, or in elderly, particularly because
of abdominal discomfort and poor absorption [1-4, 49, 50]. Considering the results
obtained witha low FBC-A dose, it might be beneficial in these clinical scenarios.

Our review has some limitations, mainly related to the limited number of patients
enrolled in each clinical trial and the heterogeneity of these patients. Finally no studies
comparing the clinical or cost effectiveness of FCB-A to FS are available.
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4, Conclusions

The major challenges in the management of ID/IDA are related to the tolerability
and side effects of oral iron therapy. Therefore, it is crucial to tailor the most appro-
priate form, dosage and duration of treatment for each patient, in order to success-
fully replenish iron stores.

The data presented in this short review underline the efficacy and safety of the
treatment with FBC-A, and support the use of this compound in patients with ID/
IDA. This review provides also preliminary evidence to suggest FBC-A as first-line
treatment of ID/IDA in patients with CD. For patients with IBD further clinical
trials are warranted comparing FBC-A to IV iron replacement. Finally, as it is widely
assumed that poor absorption and side effects limit iron treatment compliance in
several other clinical conditions as during pregnancy and in elderly, this new iron
formulation seems very promisingfor the treatment of ID/IDA in these settings.
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