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Abstract

:

Balancing systemic iron levels within narrow limits is critical for human health, as both iron deficiency and overload lead to serious disorders. There are no known physiologically controlled pathways to eliminate iron from the body and therefore iron homeostasis is maintained by modifying dietary iron absorption. Several dietary factors, such as flavonoids, are known to greatly affect iron absorption. Recent evidence suggests that flavonoids can affect iron status by regulating expression and activity of proteins involved the systemic regulation of iron metabolism and iron absorption. We provide an overview of the links between different dietary flavonoids and iron homeostasis together with the mechanism of flavonoids effect on iron metabolism. In addition, we also discuss the clinical relevance of state-of-the-art knowledge regarding therapeutic potential that flavonoids may have for conditions that are low in iron such as anaemia or iron overload diseases.
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1. Biological Importance of Iron


Studying the chemistry of iron in detail, it is easy to see why iron is essential for life. Namely, under physiological conditions, iron is mainly present in two forms, ferrous (Fe2+) and ferric (Fe3+). The Fe3+ Fe2+ system facilitates variety of redox potentials that can be fine adjusted by different ligands (from about −0.5 V to about +0.6 V), which almost entirely corresponds to the redox potential range of utmost importance for biological systems. That is why iron complexes are uniquely suitable for a variety of catalytic processes and reactions which are of great biological significance, such as electron transfer and acid-base reactions [1,2].



Iron carries out a variety of significant roles in biological systems, mostly as a part of iron-containing proteins. Haemoproteins are a large group of iron-containing proteins where the iron is bound to a porphyrin molecule (haem) which is bound to the different proteins with diverse functions. There are three main categories of haem proteins: Oxygen carriers (haemoglobins, myoglobins and neuroglobins), activators of molecular oxygen (cytochrome oxidase, cytochrome P450s, catalases and peroxidases) and electron transport proteins (cytochromes) [3,4].



The second group of iron-containing proteins is the iron-sulphur proteins, where iron is bound to sulphur by thiol groups from cysteine or inorganic sulphide. Iron-sulphur proteins are widespread in all living organisms and express numerous actions. Namely, they are included in redox and non-redox reactions as part of different enzymes, like succinate dehydrogenase and aconitase, and proteins involved in the electron transfer chain [1,5].



The third class of iron-containing proteins presents a diverse group of proteins that do not contain iron in a haem or iron-sulphur form. One group is mononuclear non-haem iron enzymes, which include lipoxygenases, aromatic amino-acid hydroxylases, prolyl and lysyl hydroxylases, etc. Additionally, there is the dinuclear non-haem iron protein group, consisting of ribonucleotide reductase and ferritins or proteins involved in iron transport, such as transferrins (Tfs) [1].



Summing activities of the above-mentioned proteins, it is apparent that iron is crucial for many important processes, such as: Oxygen transport and storage, cellular respiration and energy production, the electron transport chain of mitochondria, synthesis of DNA, RNA and proteins, regulation of gene expression, cell proliferation and differentiation. In addition, iron is indispensable for normal brain function, psychomotor development and cognitive performance (especially in infants), endurance and physical performance, the inflammatory response, pregnancy (40% of all maternal prenatal deaths are linked to anaemia), thyroid function, production and metabolism of catecholamines and other neurotransmitters, drug metabolism, etc. Hence it is evident that nearly every cell and organism require iron for life [3,6,7,8,9,10].



On the other hand, the property of iron to easily change its oxidative state can also be toxic, mainly due to its ability to produce free radicals when it is not bound by proteins and is free in a labile iron pool. Iron takes part in a reaction, known as the Fenton reaction, where the hydroxyl radical (HO•) is the end product. HO• is the most toxic reactive oxygen species (ROS) which can damage all classes of biomolecules. Consequently, unrestrained production of HO• leads to cell injuries and death and gives rise to numerous severe pathological states [11]. The Fenton reaction initiates the chain reaction (Equation (1)), which is then followed by the reactions (Equations (2) and (3)) in which more and more HO• is produced [12].


Fe2+ + H2O2 → Fe3+ + HO• + HO−



(1)






HO• + H2O2 → H2O + O2•− + H+



(2)






O2•− + H+ + H2O2 → O2 + HO• + H2O



(3)







Thus, balancing systemic iron levels within narrow limits in an organism is crucial, as both iron deficiency and iron overload lead to serious haematological, metabolic and neurodegenerative disorders, which belong to the most frequent disorders worldwide, as well as carcinogenesis [13].




2. Distribution and Homeostasis of Body Iron


The total iron content of the adult human organism is estimated around 4 g (~35 mg/kg woman, ~45 mg/kg for men). About 66% of total body iron is found as part of haemoglobin in circulating erythrocytes, erythrocyte precursors or as intracellular pool (liver and reticulo-endothelial macrophages), 7.5% in muscle as part of myoglobin, 0.5% as part of the catalytic center of a variety of enzymes (cytochromes, catalase, peroxidases, flavoproteins, etc.) and 0.1% as Tf-bound iron in the circulation (see Figure 1) [2,14].



Body iron homeostasis is maintained by regulating the iron levels in plasma (Tf-bound iron), which is determined by four coordinated processes: Duodenal iron absorption, macrophage iron recycling, hepatic iron storage and erythropoiesis. Erythropoiesis, the production of red blood cells in bone marrow, requires nearly 30 mg iron each day, the main part of which comes from the recycling of iron via reticulo-endothelial macrophages (>28 mg/day). Macrophages ingest old or damaged erythrocytes, process them and release recycled iron to plasma Tf. The pool of Tf-bound iron (~3 mg) is very dynamic and undergoes recycling more than 10 times daily. Furthermore, when in balance, each day the body absorbs 1–2 mg of iron by duodenal enterocytes and at the same time loses 1–2 mg of iron by nonspecific iron losses, such as exfoliation of enterocyte, skin and hair loss, menstruation and some gastrointestinal blood loss (Figure 1). Bearing in mind that there is no known physiologic mechanism for controlling iron excretion and that macrophage-mediated iron recycling cannot be sufficient for maintaining erythropoiesis over the long term, absorption of dietary iron in duodenum is of great importance in keeping iron homeostasis in balance [15,16].



Mechanism of Dietary Iron Uptake


Nutritional iron absorption occurs primarily in the duodenum, on the apical (luminal) membrane of the enterocytes, and is tightly regulated by bioavailable iron, iron stores, erythropoietic drive and inflammation. The average diet daily contains about 10–20 mg of iron from which only 1–2 mg is absorbed. There are two types of dietary iron: Non-haem iron, which is present in food from both animal or plant origin, and haem iron, which is present only in food of animal origin. Absorption of non-haem iron in the intestine comprises the following (see Figure 2) [17]:




	
Reduction of Fe3+ and uptake of Fe2+ from the diet through the apical membrane of enterocytes. In the diet iron is mainly present as Fe3+. However, the absorption of Fe2+ is more efficient than Fe3+. In order to increase Fe3+ bioavailability, Fe3+ firstly needs to be reduced. Duodenal cytohrome b (Dcytb) is an iron-regulated ferric reductase, highly expressed on the apical membrane of duodenal enterocytes [18]. After being reduced by Dcytb, Fe2+ is transported across the apical membrane by the divalent metal transporter 1 (DMT1) [19].



	
Intracellular processing of iron and iron transport to the basolateral membrane of enterocytes. Even though mechanisms of intracellular iron transport are not fully elucidated, it is assumed that poly r(C)-binding proteins (PCBPs) play important roles in this transport. Namely, PCBP1 is identified as an iron chaperone for ferritin, the main iron storage protein in the cell, while PCBP2 is assumed to transfer of iron from DMT1 to the cytosol and later to iron efflux transporter ferroportin (FPN). In addition, NCOA4 was identified as autophagic receptor for ferritin, which during iron deficiency in cell leads to ferritin autophagy and iron liberation [20]. In general, the fate of absorbed iron is closely related to the body’s demands for iron. If there is a need for more iron, then iron is exported from the cell via the basolateral membrane of enterocytes which is followed by iron binding to Tf and transport to peripheral tissues that require iron. If there is no need for additional iron in the body, iron is stored in the cell in the form of ferritin, and returned to the lumen at a time when the villus enterocytes die [8].



	
Transfer of iron through the basolateral membrane to the circulation. The mechanism of Fe2+ transport through the basolateral membrane includes synchronized activity of two proteins, FPN [21,22,23] and transmembrane copper-dependent ferroxidase, hephaestin (Heph) [24,25]. Before entering circulation, Fe2+ firstly needs to be oxidized to the Fe3+ state, which is catalysed by hephaestin, the intestinal ferroxidase. Fe3+ then binds to the serum glycoprotein Tf [26], the key iron transporting protein in the serum and extracellular fluids.








The uptake mechanism for non-haem and haem iron differs across the apical membrane of the enterocyte, while it follows the same pathway once iron is inside the cell (see Figure 2). Even though the mechanism of haem absorption is not fully characterized, haem carrier protein 1 (HCP1) was identified as protein for haem uptake on the apical membrane of duodenal enterocytes [27]. Currently, the role of HCP1 in haem transport is debated since it was also identified as the proton-coupled folate transporter [28]. In addition, the new heam transporter is identified, known as feline leukemia virus subgroup C cellular receptor family member 2 (FLVSC2), whose detailed characterisation is in process [29]. Once inside the cell, haem is degraded by haem oxygenase (HO-1) [30] and the released iron enters an intracellular iron pool. After that, absorbed iron from the haem source follows the pathway of absorbed non-haem iron.





3. Bioavailability of Iron


To keep iron in balance, it is essential that iron is supplied by diet, especially during growth of infants, children and adolescents and the reproductive period in women, particularly during pregnancy. In Table 1 it can be clearly seen that daily requirements of absorbed iron differ greatly between individuals of different age, sex and state [31,32].



As mentioned previously, dietary iron occurs in two forms: Haem and non-haem. Haem iron makes 10–15% of total iron from diet in meat-eating populations, but it is estimated to contribute ≥40% of total absorbed iron. However, non-haem iron absorption is much lower, and it varies between 2–20%. In contrast to non-haem iron, whose bioavailability is highly dependent on the presence of iron absorption promoters or inhibitors in the diet, dietary factors have little effect on haem iron absorption [31].



3.1. Anaemias


The low bioavailability of non-haem iron contributes greatly to iron deficiency anaemia (IDA), which is the most prevalent nutritional deficiency worldwide, estimated to affect two billion people especially in low-income populations where consumption of meat is low. On the other hand, low bioavailability of non-haem iron is a problem in population groups eating only a plant-based diet, vegetarians and vegans, whose popularity is rising in modern societies [34].



Iron deficiency disorders are generally known as functional deficiency and anaemias. Commonly, anaemia is a condition in which there are not enough healthy erythrocytes in the circulation which leads to inadequate oxygen distribution and consequently disturbance in the maintenance of normal physiological function of tissues, such as liver, brain, muscles, etc. [33].There are many types of anaemia and these can arise as a result of a wide variety of causes that can be single, but more often coexist. Globally, the most significant contributor to the anaemia is IDA. The main causes for IDA are low dietary iron intake, poor absorption of iron from diet at a period of life when iron requirements are particularly high, such as growth periods among children, reproductive period among women, especially during pregnancy. Other recognized causes of anaemia, such as heavy blood loss, extensive menstruation or chronic bleeding are also recognized [35].



Additionally, anaemia and hypoferraemia that occurs as consequence of chronic infections and inflammatory disorders is known as anaemia of inflammation (AI) or anaemia of chronic disease. AI is a systemic iron disorder characterized with decreased iron, iron binding capacity and intestinal iron absorption, as well as impaired erythropoiesis, while iron is trapped in macrophages and liver, indicating impaired mobilization of iron from stores. AI is a consequence of cytokine (mainly IL-6) mediated induction of hepcidin production as a response to chronic inflammation [3,36].



To be more precise, anaemia is a consequence of both poor nutrition and poor health. Increased risk of maternal and child mortality is one of the main concerns of severe anaemia. Additionally, the negative consequences of IDA on cognitive and physical development of infants and on general performance, particularly work productivity in adults, are also great concern. The World Health Organization declares iron deficiency as one of the 10 leading risk factors for disease, disability and death in the world today. Iron deficiency affects mostly children and women in practically all countries. It can be estimated that most preschool children in non-developed countries and at least 30–40% in developed countries are iron-deficient, and nearly half of the pregnant women in the world are estimated to be anaemic [6,34,35,37,38].



In order to compensate for lost iron and to keep iron homeostasis in balance, it is of utmost importance that absorption of iron is sufficient. Thus, it is essential to understand in detail the mechanism of iron absorption in the duodenum as well as to target its promoters or inhibitors. Additionally, for individuals affected with iron deficiency (anaemias) it is important to know what food is rich in highly bioavailable iron and try to consume it as much as possible. In Table 2 it can be seen what the average levels of total iron in common foods are.




3.2. Dietary Inhibitors of Iron Absorption


There are recognized inhibitors of iron absorption whose occurrence in food should be addressed in iron-deficient individuals. Major inhibitors of iron absorption from the diet are phytate, polyphenols (especially flavonoids), calcium and proteins.



Phytate (inositol hexakisphosphate; see Figure 3) is a primary phosphorous storage molecule in plants and cannot be digested by humans.



It is believed that phytate forms a complex with iron through its phosphate ester groups making it nonabsorbable and it is considered as the main inhibitor of non-haem iron absorption. The inhibitory effect of phytate has been proven, but particular food preparation methods, such as milling, heat treatment, soaking, germination, fermentation, addition of ascorbic acid or enzyme phytase, can remove or degrade phytate and thus partially or totally eliminate its negative effect on non-haem iron absorption. However, low concentrations of phytate (2–10 mg/meal) express a negative effect on non-haem iron absorption [31,40,41,42]. Considering that some foods contain phytate in considerable concentrations, even much more than common food containing non-haem iron (see Table 3), consumption of phytate rich plants should be under attention, especially together with iron supplementation. Plant foods not shown in Table 3 may be considered as not rich in phytate.



Calcium has been shown to have an inhibitory effect on both non-haem and haem iron absorption. The mechanism of the inhibitory effect of calcium on iron absorption is not known, but it is speculated that it could block initial iron uptake by the enterocyte [44]. Inhibition of iron absorption has been demonstrated even with a calcium concentration that is common in the daily dietary intake. This fact could represent a general health problem because widespread and recommended use of calcium supplements, manly for prevention of osteoporosis, can bring about problem with iron absorption [31,45].



Particular proteins are also proven to have an inhibitory effect on iron absorption such as: Milk, soybean and egg proteins, albumin, casein and whey [46,47,48,49].




3.3. Dietary Enhancers of Iron Absorption


The main dietary enhancers of iron absorption are ascorbic acid and muscle tissue. It is proven that ascorbic acid improves non-haem iron absorption, mainly due to its ability to reduce Fe3+ to Fe2+ and thus make it available for transport by DMT1. The amount of ascorbic acid that expresses a positive effect on non-haem iron absorption is approximately 30–100 mg daily, which corresponds to the recommended dietary intake for ascorbic acid. However, in foods of plant origin, such as, fruits and vegetables, the supporting effect of ascorbic acid might be reduced by the inhibiting effect of polyphenols and phytate [40,50,51,52,53,54]. In contrast to the positive effect of ascorbic acid on non-haem iron absorption after a single meal, improvement in iron status after chronic supplementation with ascorbic acid was not observed in humans. The reason for this occurrence is not yet fully understood [55].



Muscle tissue, known as the “meat factor”, also showed a positive effect on non-haem iron absorption, the same as ascorbic acid, but it was hard to demonstrate the same activity after a longer consumption. There is evidence that this could be attributed to: Cysteine-containing peptides, glycosaminoglycans and L-α-glycerophosphocholine and their ability to reduce and chelate iron [56,57,58].




3.4. Ways to Prevent Anaemia


Nowadays three approaches are recognized as ways to deal with IDA and raise amount of absorbed iron which can be practices alone or in combination with each other: Change in dietary habits by means of diversity and modification of the diet in order to improve nutritional value andiron bioavailability, supplementation (intake of iron in higher doses not with food), and fortification (the addition of iron into food during food processing).



A change of dietary habits so that intake of food rich in both haem and non-haem iron, as well as promoters of iron absorption, is increased, while intake of inhibitors of iron uptake should be decreased. Even though it showed significant practical limitations, a change of dietary habits is the favoured way of treating IDA. Apart from the fact that it is hard to change an individuals’ dietary preference, food rich in highly bioavailable iron, such as meat, is expensive especially in developing countries.



Supplementation is an efficient and cost-effective way of treating IDA over short periods of time, such as pregnancy. However, insufficient coverage of all parts of the world and compliance is a major limitation to the effectiveness of iron supplementation programs [59]. Iron supplementation is carried out orally or, very rarely, by injection. Frequently used forms of iron in supplements include Fe2+ and Fe3+ salts, such as SO42−, gluconate, fumarate and citrate. High doses of supplemental iron may cause gastrointestinal side effects, such as nausea and constipation. Other forms of supplemental iron, such as haem iron, carbonyl iron, iron amino-acid chelates and polysaccharide-iron complexes, are also available and are believed to manifest fewer gastrointestinal side effects compared with salts [6,60].



Iron fortification of food is considered as the most cost-effective route for lowering incidence of IDA all over the world. Generally, iron fortification refers to the addition of iron to foods consumed by all or most of the population and it is regulated by the government. Milled cereals are frequently the subject of iron fortification and showed a successful outcome in making populations less iron deficient. In addition, it was estimated that iron fortification is economically more favourable than iron supplementation [60,61].





4. Plant Polyphenols


Polyphenols are plant secondary metabolites that include a great number of structurally diverse compounds. Chemically speaking, phenols are compounds which contain one (phenol) or more (polyphenols) aromatic rings, bearing one or more hydroxyl groups, which can be esterified, etherified or glycosylated. Generally, polyphenols represent all secondary metabolites whose syntheses go through the shikimate/phenylpropanoid or the “polyketide“ acetate/malonate pathway, or by combination of two of them, producing monomeric or polymeric phenols. Additionally, phenols are uncommon in bacteria, fungi and algae but are ubiquitously present in the plant kingdom. The phenolic profile of an individual plant strongly depends on plant species and thus can be used as a reliable taxonomic marker [62]. Throughout evolution, plants have developed adaptive mechanisms which are reflected in their ability to produce a great number of phenolic secondary metabolites. Although phenols are not compulsory in the processes such as plant growth and development, they have pivotal role for plants’ interactions with the environment, reproduction and defence. From an evolutionary point of view, it is easy to see why plants produce such a great collection of secondary compounds compared with animals. Namely, they cannot rely on physical mobility to escape predators or perform successful pollination. Thus, they had to developed exuberant chemical systems in order to survive. Plants need phenols for protection against herbivores, microbes, viruses or other plants, as signal compounds to attract pollinating or seed dispersing animals, protection from ultraviolet radiation or oxidants and fluctuation of organic and inorganic nutrients from soil [62].



Phenols are generally soluble in polar organic solvents, unless being entirely esterified, etherified or glycosylated. Also, most phenol glycosides are water-soluble but the corresponding aglycones are usually less so. Due to the presence of an aromatic ring, all phenols demonstrate intense absorption in the ultraviolet part of the spectrum. Furthermore, phenols that give colour to plants absorb light in the visible region as well. On the basis of the phenol skeleton, several classes of phenols have been categorized: C6 (phenols, benzoquinones), C6–C1 (phenolic acids), C6–C2 (acetophenones, phenylacetic acids), C6–C3 (hydroxycinnamic acids, coumarins, phenylpropanes, chromones), C6–C4 (naphthoquinones), C6–C1–C6 (xanthones), C6–C2–C6 (stilbenes, anthraquinones), C6–C3–C6 (flavonoids, isoflavonoids), (C6–C3)2 (lignans, neolignans), (C6–C3–C6)2 (biflavonoids), (C6–C3)n (lignins), (C6)n (catecholmelanins) and (C6–C3–C6)n (condensed tannins) [62,63,64].



4.1. Flavonoids


Flavonoids are one of the largest groups of plant phenols and, by now, more than 8000 structures of flavonoids have been identified. These secondary metabolites are widely distributed in plants and are classified in a number of subgroups, of which one representative of flavones, flavonols, isoflavones, flavanones, flavanonols, flavanols, anthocyanins, chalcones and aurones subgroup is presented in Figure 4. As with other phenols, flavonoids also have numerous functions in plants, such as: Protection against ultraviolet radiation and phytopathogens, a protective response during stress, signaling during development and growth, auxin transport and coloration of flowers for attraction of insects during pollination [65,66].



Apart of being valuable for the plant kingdom, flavonoids are also beneficial to human health. Namely, flavonoids have played a key role in the successful traditional medical treatments of ancient times and their use has continued up to the present day [67,68]. For medicine, the most valuable property of flavonoids is their ability to effectively scavenge highly toxic free radicals and lower oxidative stress [69]. Free radical species occur in the course of numerous physiological processes and can initiate damage of nucleic acid, lipid and protein structures, resulting in disturbance of vital cellular functions and causing a wide range of disorders. Thus, today it is almost impossible to separate free radical reactions and oxidative stress from almost any disorder [70]. Apart from keeping biomolecules safe from free radical attack, flavonoids take part in many biochemical processes in an organism, such as: Regulation of expression of cell cycle regulatory proteins, and inhibition/activation of signal transduction pathways or enzyme activity. As a consequence, flavonoids express many beneficial health actions, such as: Lowering blood pressure and risk of cardiovascular disorders, decreasing the incidence of carcinogenesis and neurodegeneration, inhibiting platelet aggregation and the inflammatory response, as well as lowering levels of bad LDL cholesterol [67,68,69,70,71,72,73,74].



To give answer to question as to why flavonoids express numerous physiological properties is not easy, but the most probable answer lies in the fact that they are highly reactive and can enter into almost any type of reaction known to organic chemistry. Namely, they can take part in oxidation-reduction, acid-base and free radical reactions and hydrophobic interactions, while their substituents can modify electronic induction, resonance and steric hindrance. Additional, flavonoids make stable complexes with metal ions, such as iron, and thus express their antioxidative property, which is the focus of this review [75].




4.2. Absorption and Metabolism of Flavonoids in Humans


Absorption and metabolism of flavonoids will be explained with quercetin, as an example, since it is the most abundant flavonoid in human diet. However, other flavonoids follow the same or similar mechanism of absorption and metabolism as described for quercetin.



Quercetin is mainly present in plants in its highly hydrophilic glycosylated forms, mainly as β-glycosides of various sugars. The dominant types of quercetin glycosides differ in plants. However, main forms presented in plants are quercetin-3-O-rutinoside (rutin), quercetin-3-O-galactoside (hyperoside), quercetin-3-O-glucoside (isoquercitrin), quercetin-3-O-rhamnoside (quercitrin) and quercetin-4′-O-glucoside (spiraeoside) [75].



Prior to absorption in the gut, flavonoids firstly need to be free from plant tissue by chewing in oral cavity and then processed by digestive juices in the intestine or by microorganisms in the colon. Generally, there are two main routes of quercetin glycoside absorption by enterocyte. Firstly, absorption goes via transporter followed by deglycosilation within the enterocyte by cytosolic glycosidase. Secondly, deglycosilation can occur firstly by luminal hydrolases followed by transport of aglycone by passive diffusion or via different transporters. It is demonstrated that quercetin glucosides can be taken up by enterocyte through the sodium–dependent glucose transporter (SGLT1) with subsequent deglycosylation inside the enterocyte by cytosolic β-glycosidase. Also, quercetin glucosides can firstly undergo luminal hydrolysis by lactase phlorizin hydrolase (LPH) and afterwards absorbed inside the enterocyte by passive diffusion or transporter–mediated mechanism [76,77,78,79]. Specifically, quercetin can use glucose transporter (GLUT)-1, -3 and -4 to enter cells and thus operate as an inhibitor of glucose transport [80]. The nature of sugar moiety greatly influences the way and rate of quercetin absorption in the gut. Namely, it is suggested that absorption rate in the small intestine of 3-O-glucosylated form of quercetin is higher than the same of quercetin. On the other hand, quercetin glucosides containing rhamnose (rutin) could not be absorbed in the small intestine, and it is believed to be absorbed in the colon after deglycosylation [78,81,82].



The definition of bioavailability states that bioavailability is the portion of an initially administered dose of drug that reaches the systemic circulation unchanged. Considering that, flavonoid bioavailability is very low mostly due to extensive metabolism at the intestinal level. Namely, further biotransformation of quercetin aglycone goes through glucuronidation, sulfonation and methylation of hydroxyl groups, which primarily occurs in enterocytes and hepatocytes. Specifically, major quercetin metabolites detected in plasma are quercetin-3′-sulphate and quercetin-3-glucuronide. It is assumed that they are produced in the small intestine, pass into the portal vein and are further converted into other metabolites in the liver, such as isorhamnetin-3-glucuronide, quercetin diglucuronide, quercetin glucuronide sulphate, methylquercetin diglucuronide, etc. After returning to the bloodstream they are excreted in urine via kidneys. Additionally, a portion of quercetin is converted to low molecular weight phenolic acids, such as 3-hydroxyphenylpropionic acid, 3,4-dihydroxyphenylpropionic acid and 3-methoxy-4-hydroxyphenylpropionic acid [83,84].




4.3. Occurrence and Intake of Dietary Flavonoids


Nowadays, a growing body of research confirms different beneficial health effects of dietary flavonoids. Consequently, consumers take more and more interest in the levels and types of flavonoids that are taken up with diet. This is particularly interesting in the scope of the modern concept of functional food, food that apart from nutritional value express additional functions, such as health–promotion or disease prevention. Namely, flavanols and anthocyanidins have been associated with reduction of risk of cardiovascular disease, while anthocyanidins efficiently protect LDL cholesterol oxidation [85]. It had been shown that flavonoids express organ–specificity for cancer prevention, so intake of quercetin rich diet was proven to be in positive correlation with protection against lung and intestinal cancer [86,87].



Flavonoids are present in nearly all edible fruits, vegetables and other food of plant origin. Generally, the human population is consuming notable amounts of flavonoids on a daily basis, being more in regions where diet is mainly based on plant sources. It is estimated that the average daily intake of flavonoids in the United States of America is 20–34 mg, in Finland 24 mg, Japan 63 mg and The Netherlands 73 mg [88]. In Table 4, flavonoids and iron content in selected foods that are regularly consumed in Western diet are listed.




4.4. Links between Flavonoids and Iron Homeostasis


Over 30 years ago, it was shown that consumption of tea is in accordance with low non-haem iron bioavailability [90,91]. Consequently, flavonoids, or polyphenols, from the tea were recognized as the main cause for low non-haem iron absorption. Today, flavonoids, among them primarily quercetin, are considered as one of the main dietary inhibitors of iron absorption in the duodenum. Even though the exact mechanism of how flavonoids inhibit non-haem iron absorption is still not fully elucidated, it is strongly believed that its power to chelate iron is mainly responsible for this action [92,93]. In contrast, it was shown that quercetin may operate as a substrate for Dcytb by increasing its reduction potential and providing more Fe2+ for cellular uptake by DMT1 [94].



In diseases connected with an imbalance in iron homeostasis, organ-specific iron accumulation is present. In order to bring iron levels back into balance, chelato therapeutics are applied. Potent chelato therapeutics should be able to go through iron-over loaded tissues, complex iron by forming stable and redox-inactive iron and transfer it to Tf in the circulation. Known chelato therapeutic drugs fulfil more or less listed requirements [95]. However, it has been proven in vitro that quercetin is able to decrease intracellular iron and to transfer it to Tf. These significant findings suggest that quercetin could be a valuable representative of chelato therapeutics for iron-redistribution therapy. Yet, this fact still needs to be proven with in vivo studies [96]. On the other hand, it is clear that flavonoids should be avoided in IDA, especially during oral consumption of iron either as a natural constituent of the diet or as a food supplement.



Furthermore, flavonoids were shown to be potent in regulation of systemic iron metabolism. Namely, Bayele et al. [97] reported that quercetin increased expression of hepcidin, a main iron regulatory hormone, which might involve the Nrf2 pathway. Other authors showed in cells that quercetin is able to activate Nrf2 pathway by supporting its nuclear translocation and transcriptional activity [98]. In view of the fact that levels of FPN and H and L ferritin are also known to be transcriptionally up regulated by Nrf2 pathway quercetin could affect iron homeostasis and help cells defending against oxidative stress. Moreover, Vanhees et al. [99] showed that prenatal exposure to quercetin caused hepcidin induction in adult mice.



4.4.1. Flavonoids as Iron Chelators


Flavonoids are known for their numerous health benefits which are mostly attributed to their ability to scavenge highly reactive free radical species. However, flavonoids’ antioxidative potential is, at least partially, associated with their ability to chelate iron. By chelating iron, flavonoids reduce the accessibility of iron to oxygen and consequently diminish oxygen high toxicity, e.g., by inhibiting the production of HO• in Fenton reaction [99].



The exact mechanism by which certain flavonoids reduce bioavailability of non-haem iron is not fully understood, but it is proposed that flavonoids are able to chelate non-haem iron [92,93,100,101,102].



Like most other flavonoids, it was proven that quercetin possesses a high ability to chelate iron [103]. The preferred site for iron chelation by flavonoids, such as quercetin, is its 3-hydroxyl and 4-carbonyl group. Specifically, for complexes containing one iron and one quercetin, the binding strength has an order 3–4 > 4–5 > 3′–4′. Moreover, the 3–4 chelation site is also preferred for complexes which are formed between one iron and two or three quercetin molecules (see Figure 5) [104]. In addition, it is estimated that quercetin, like most other flavonoids, forms a complex with Fe3+ with a greater stability than Fe2+. Even though when quercetin initially forms a complex with Fe2+, Fe2+ will autooxidise to Fe3+ [105].



Regarding inhibition of iron absorption by quercetin, it was clearly demonstrated in vivo that chelation of iron by the 3-hydroxyl group of quercetin is an important determinate of iron uptake in duodenum [93]. The authors confirmed that the decrease in duodenal iron transfer is due to chelation of iron by quercetin which increases apical uptake of iron, but prevents basolateral transport. Further information that supports this hypothesis is the fact that the quercetin–Fe complex is considerably stable in gastrointestinal conditions. Namely, it was shown in vitro, by mimicking conditions that occur in the stomach, that the recovery of quercetin–Fe complex is up to 45%, which supports the importance of chelation of iron by quercetin in the human body [106]. However, the precise place of iron chelation by quercetin is still uncertain. It is still unknown whether chelation occurs in the duodenal lumen or the cytosol of duodenal enterocytes. One explanation could be that iron is chelated by quercetin in the duodenal lumen by forming the apical–membrane–permeable quercetin–Fe complex that cannot cross the basolateral membrane of enterocyte. Despite its great size, there are in vitro reports that support transport of the quercetin–Fe complex across the cell membrane in both directions [96]. Furthermore, there is evidence that the quercetin–Fe complex is transported by GLUTs transporters [107], which could also be the case in vivo. Furthermore, even though it was shown that quercetin can be transported via GLUTs 1, 3 and 4 transporters, quercetin is lipophilic enough so it can easily cross lipid bilayers without interaction with transporters [80,107,108]. A second possibility is that that quercetin could influx into the cell and then form a complex with free iron. Additionally, it was shown that quercetin may operate as a substrate for Dcytb by increasing its reduction potential and providing more Fe2+ for cellular uptake by DMT1 [94]. Knowing this, quercetin could firstly chemically reduce non-haem iron and thus increase apical uptake followed by formation of the quercetin–Fe complex inside the cell. Therefore, both luminal and cytosolic iron chelation, or their combination, can provoke iron accumulation within duodenal mucosa in vivo. However, in both cases the quercetin–Fe complex could remain in the enterocyte due to the inhibition of FPN function or simply because the quercetin–Fe complex would be too bulky to be transported by FPN. This explanation can be applied to all polyphenols that have a noticeable capacity to chelate iron, particularly those which are present in the diet and thus can directly affect iron absorption.



This phenomenon was previously shown for other polyphenols, particularly for (–)-epigallocatechin-3-gallate, but in in vitro conditions using Caco-2 cells as a model system [101,109]. Kim et al. [101,109] reported their finding as unexpected as it was common to think that polyphenols inhibit iron absorption by preventing mainly apical uptake of non-haem iron.



Furthermore, the quercetin-Fe complex inside the cell could be a negative signal for the iron regulatory protein/iron responsive element (IRE/IRP) system and thus destabilize FPN mRNA. Thus, by chelating iron, quercetin could lower free iron levels inside the cell and thus trigger the post-transcriptional IRE/IRP control system, such that when iron levels in tissue are reduced, the expression of FPN is decreased [110]. Furthermore, the possibility that quercetin or its metabolites have direct inhibitory effects on the function of FPN should not be discounted. In addition, bearing in mind that many proteins that have a pivotal role in iron homeostasis beside FPN, such as ferritin, DMT1, TfR1 and Hif-2α, are also regulated by the IRE/IRP system the role of flavonoids which are potent to chelate iron becomes even more important.



Together all these mechanisms could account for the increased mucosal iron retention observed in our studies [93,102]. Furthermore, if a quercetin–Fe complex is formed inside the cell, it could be proposed that quercetin could affect absorption of haem iron too. Namely, quercetin could also prevent the export of free iron for the haem source, after haem degradation by HO-1 which occurs in the cytosol after its absorption.



Potentially listed modes of action could be ascribed to all dietary polyphenols that have demonstrable capacity to chelate iron and this information could be useful in the design of iron chelators based on the structure of these common dietary polyphenols.



In marked contrast, work using Caco-2 cells showed that certain flavonoids promote iron bioavailability (i.e., epicatechin, kaempferol [111,112]). However, these are still in vitro results that needs to be confirmed in vivo.




4.4.2. Flavonoids as Regulators of Systemic Iron Metabolism


It was shown that flavonoids could play important role in regulation of systemic iron metabolism. Namely, a couple of studies have shown that flavonoids have a great effect on hepcidin levels in vivo. However, results are contradictory.



Bayele et al. [97] reported that intraperitoneal quercetin increased hepcidin expression which might involve the Nrf2 pathway, which also correlated with changes in serum iron levels and Tf saturation, as well as with reduction in FPN mRNA. Vanhees et al. [99] showed that prenatal exposure to quercetin caused hepcidin induction in adult mice and the authors hypothesized that after birth, when pups were no longer exposed to quercetin, improved bioavailability of dietary iron sensed as body iron overload. Lesjak et al. [102] showed that quercetin increased hepcidin mRNA levels in both liver and spleen. Increased levels of hepcidin were followed by decreased FPN levels.



However, previous results of others indicate contradictory results on how different dietary polyphenols affect hepcidin levels. Mu et al. [113] reported that the polyphenol myricetin inhibits hepcidin expression induction in vivo by the BMP/SMAD signalling pathway. Quercetin and myricetin are very similar in structure, with myricetin having an extra hydroxyl group. The differences in effect of these two similar polyphenols on iron absorption indicate the complexity of responses to polyphenols. Furthermore, Zhen et al. [114] and Patchen et al. [115] showed that genistein, a main polyphenol from soya, and ipriflavone, synthetic analogue derived from abundant dietary polyphenol daidzein, respectively, both strongly promote hepcidin expression in vivo. Recent studies by Grillo et al. [116] and Zhang et al. [117] indicate that other natural products apart from flavonoids could also have a major role in iron metabolism in vivo and may have potential in therapy of iron metabolism disorders. Namely, Grillo et al. [116] showed that hinokitiol, a natural product of terpenoid structure found in wood that strongly complex iron, could restore iron transport in vivo very effectively. Zhang et al. [117] elucidated that prenylated flavonoid glycoside icariin, which can be found in some Chinese herbal medicinal plants, are able to induce hepcidin expression in mice and change serum and tissue iron concentrations by activating Stat3 and Smad1/5/8 signaling pathways.



Interestingly, it was shown that quercetin directly regulates FPN expression [93]. Namely, in Caco-2 cells exposed to quercetin there was a significant dose-dependent decrease in FPN protein and mRNA and this was associated with a significant decrease in iron transport across Caco-2 cell monolayers. This occurrence was associated with interactions between miRNA and 3′UTR of FPN mRNA. This data suggests a possible great role for miR-17 and potentially other microRNAs in mediating diet-gene interactions that can influence nutrient bioavailability [93].






5. Conclusions


All of the above-mentioned possible impacts of flavonoids on iron homeostasis become even more significant in the view that they are consumed regularly in considerable amounts and that nowadays their supplementation is supported due to numerous health benefits. On the other hand, as imbalance in iron homeostasis is connected with many diseases, flavonoids may have important applications in their treatment. Hence it is of great importance to fully understand how dietary flavonoids interact with intake and homeostasis of iron and thus research in this direction should be supported. Further testing of phenolic compounds with iron chelating and cell signaling properties in animal models of iron overload could provide the basis for novel approaches for treating clinical iron deficiency as well as overload in humans. Namely, they could lead to development of new dietary approaches to preventing and treating IDA. In addition, flavonoids might be beneficial for groups at risk of iron loading (e.g., patients with hereditary haemochromatosis), either by limiting the rate of intestinal iron absorption or by modifying tissue iron distribution.







Author Contributions


Conceptualization, M.L. and S.K.S.S.; writing—original draft preparation, M.L. and S.K.S.S.; writing—review and editing, M.L. and S.K.S.S.; visualization, M.L. and S.K.S.S.




Funding


This research received no external funding.




Acknowledgments


Marija Lesjak was supported by Ministry of Education, Science and Technological Development Republic of Serbia (Grant no. 172058), L’Oréal-UNESCO For Women in Science National Fellowship (Serbia) and a “Start Up for Science” scholarship awarded by the Leadership Development Center from Serbia with the financial support of Philip Morris Operations a.d. Niš, Serbia.




Conflicts of Interest


The authors declare no conflicts of interest.




References


	



Crichton, R.R. Inorganic Biochemistry of Iron Metabolism: From Molecular Mechanisms to Clinical Consequences, 2nd ed.; John Wiley & Sons Ltd.: Chichester, UK, 2001. [Google Scholar]

	



Lieu, P.T.; Heiskala, M.; Peterson, P.A.; Yang, Y. The roles of iron in health and disease. Mol. Asp. Med. 2001, 22, 1–87. [Google Scholar] [CrossRef]

	



Yehuda, S.; Mostofsky, D.I. Iron Deficiency and Overload: From Basic Biology to Clinical Medicine; Humana Press: New York, NY, USA, 2010. [Google Scholar]

	



Ying-Wu, L.; Jiangyun, W. Structure and function of heme proteins in non–native states: A mini–review. J. Inorg. Biochem. 2013, 129, 162–171. [Google Scholar]

	



Lill, R.; Muhlenhoff, U. Iron-sulfur protein biogenesis in eukaryotes: Components and mechanisms. Annu. Rev. Cell Dev. Biol. 2006, 22, 457–486. [Google Scholar] [CrossRef] [PubMed]

	



World Health Organization. Iron Deficiency Anaemia: Assessment, Prevention, and Control. A Guide for Programme Managers; WHO Press: Geneva, Switzerland, 2001. [Google Scholar]

	



Dunn, L.L.; Suryo Rahmanto, Y.; Richardson, D.R. Iron uptake and metabolism in the new millennium. Trends Cell Biol. 2007, 17, 93–100. [Google Scholar] [CrossRef] [PubMed]

	



Sharp, P.; Srai, S.K. Molecular mechanisms involved in intestinal iron absorption. World J. Gastroenterol. 2007, 13, 4716–4724. [Google Scholar] [CrossRef] [PubMed]

	



Martins, A.C.; Almeida, J.I.; Lima, I.S.; Kapitão, A.S.; Gozzelino, R. Iron Metabolism and the Inflammatory Response. IUBMB Life 2017, 69, 442–450. [Google Scholar] [CrossRef]

	



Wang, L.; Cherayil, B.J. Ironing out the wrinkles in host defense: Interactions between iron homeostasis and innate immunity. J. Innate Immun. 2009, 1, 455–464. [Google Scholar] [CrossRef]

	



Halliwell, B.; Gutteridge, J.M.C. Free Radicals in Biology and Medicine, 4th ed.; Oxford University Press: Oxford, UK, 2007. [Google Scholar]

	



Koppenol, W.H. The Haber-Weiss cycle—70 years later. Redox Rep. 2001, 6, 229–234. [Google Scholar] [CrossRef]

	



Hentze, M.W.; Muckenthaler, M.U.; Andrews, N.C. Balancing acts: Molecular control of mammalian iron metabolism. Cell 2004, 117, 285–297. [Google Scholar] [CrossRef]

	



Andrews, N.C. Disorders of iron metabolism. N. Engl. J. Med. 1999, 341, 1986–1995. [Google Scholar] [CrossRef]

	



Papanikolaoua, G.; Pantopoulos, K. Iron metabolism and toxicity. Toxicol. Appl. Pharmacol. 2005, 202, 199–211. [Google Scholar] [CrossRef] [PubMed]

	



Beaumont, C.; Delaby, C. Recycling iron in normal and pathological states. Semin. Hematol. 2009, 46, 328–338. [Google Scholar] [CrossRef] [PubMed]

	



Srai, S.K.; Bomford, A.; McArdle, H.J. Iron transport across cell membranes: Molecular understanding of duodenal and placental iron uptake. Best Pract. Res. Clin. Haematol. 2002, 15, 243–259. [Google Scholar] [CrossRef] [PubMed]

	



McKie, A.T.; Barrow, D.; Latunde-Dada, G.O.; Rolfs, A.; Sager, G.; Mudaly, E.; Mudaly, M.; Richardson, C.; Barlow, D.; Bomford, A.; et al. An iron–regulated ferric reductase associated with the absorption of dietary iron. Science 2001, 291, 1755–1759. [Google Scholar] [CrossRef] [PubMed]

	



Gunshin, H.; Mackenzie, B.; Berger, U.V.; Gunshin, Y.; Romero, M.F.; Boron, W.F.; Nussberger, S.; Gollan, J.L.; Hediger, M.A. Cloning and characterization of a mammalian proton-coupled metal-ion transporter. Nature 1997, 388, 482–488. [Google Scholar] [CrossRef]

	



Philpott, C.C.; Ryu, M.S.; Frey, A.; Patel, S. Cytosolic iron chaperones: Proteins delivering iron cofactors in the cytosol of mammalian cells. J. Biol. Chem. 2017, 292, 12764–12771. [Google Scholar] [CrossRef]

	



Abboud, S.; Haile, D.J. A novel mammalian iron-regulated protein involved in intracellular iron metabolism. J. Biol. Chem. 2000, 275, 19906–19912. [Google Scholar] [CrossRef]

	



Donovan, A.; Brownlie, A.; Zhou, Y.; Shepard, J.; Pratt, S.J.; Moynihan, J.; Paw, B.H.; Drejer, A.; Barut, B.; Zapata, A.; et al. Positional cloning of zebrafish ferroportin 1 identifies a conserved vertebrate iron exporter. Nature 2000, 403, 776–781. [Google Scholar] [CrossRef]

	



McKie, A.T.; Marciani, P.; Rolfs, A.; Brennan, K.; Wehr, K.; Barrow, D.; Miret, S.; Bomford, A.; Peters, T.J.; Farzaneh, F.; et al. A novel duodenal iron–regulated transporter, IREG1, implicated in the basolateral transfer of iron to the circulation. Mol. Cell 2000, 5, 299–309. [Google Scholar] [CrossRef]

	



Vulpe, C.D.; Kuo, Y.M.; Murphy, T.L.; Cowley, L.; Askwith, C.; Libina, N.; Gitschier, J.; Anderson, G.J. Hephaestin, a ceruloplasmin homologue implicated in intestinal iron transport, is defective in the sla mouse. Nat. Genet. 1999, 21, 195–199. [Google Scholar] [CrossRef] [PubMed]

	



Chen, H.; Attieh, Z.K.; Su, T.; Syed, B.A.; Gao, H.; Alaeddine, R.M.; Fox, T.C.; Usta, J.; Naylor, C.E.; Evans, R.W.; et al. Hephaestin is a ferroxidase that maintains partial activity in sex-linked anemia mice. Blood 2004, 103, 3933–3939. [Google Scholar] [CrossRef] [PubMed]

	



MacGillivray, R.T.; Mendez, E.; Shewale, J.G.; Sinha, S.K.; Lineback-Zins, J.; Brew, K. The Primary Structure of Human Serum Transferrin; The structures of seven cyanogen bromide fragments and the assembly of the complete structure. J. Biol. Chem. 1983, 258, 3543–3553. [Google Scholar] [PubMed]

	



Shayeghi, M.; Latunde-Dada, G.O.; Oakhill, J.S.; Laftah, A.H.; Takeuchi, K.; Halliday, N.; Khan, Y.; Warley, A.; McCann, F.E.; Hider, R.C.; et al. Identification of an intestinal heme transporter. Cell 2005, 122, 789–801. [Google Scholar] [CrossRef] [PubMed]

	



Inoue, K.; Nakai, Y.; Ueda, S.; Kamigaso, S.; Ohta, K.-Y.; Hatakeyama, M.; Hayashi, Y.; Otagiri, M.; Yuasa, H. Functional characterization of PCFT/HCP1 as the molecular entity of the carrier-mediated intestinal folate transport system in the rat model. Am. J. Physiol. Gastrointest. Liver Physiol. 2008, 294, G660–G668. [Google Scholar] [CrossRef] [PubMed]

	



Duffy, S.P.; Shing, J.; Saraon, P.; Berger, L.C.; Eiden, M.V.; Wilde, A.; Tailor, C.S. The Fowler syndrome-associated protein FLVCR2 is an importer of heme. Mol. Cell. Biol. 2010, 30, 5318–5324. [Google Scholar] [CrossRef] [PubMed]

	



Tenhunen, R.; Marver, H.S.; Schmid, R. Microsomal heme oxygenase. Characterization of the enzyme. J. Biol. Chem. 1969, 244, 6388–6394. [Google Scholar] [PubMed]

	



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

	



Abbaspour, N.; Hurrell, R.; Kelishadi, R. Review on iron and its importance for human health. J. Res. Med. Sci. 2014, 19, 164–174. [Google Scholar]

	



DeMaeyer, E.M.; Dallman, P.; Gurney, J.M.; Hallberg, L.; Sood, S.K.; Srikantia, S.G. Preventing and Controlling Iron Deficiency Anaemia Through Primary Health Care: A Guide for Health Administrators and Programme Managers; World Health Organization: Geneva, Switzerland, 1989. [Google Scholar]

	



World Health Organization. Assessing the Iron Status of Populations: Including Literature Reviews, 2nd ed.; WHO Press: Geneva, Switzerland, 2007. [Google Scholar]

	



World Health Organization. Worldwide Prevalence of Anaemia 1993–2005; WHO Press: Geneva, Switzerland, 2008. [Google Scholar]

	



Franchini, M.; Montagnana, M.; Lippi, G. Hepcidin and iron metabolism: From laboratory to clinical implications. Clin. Chim. Acta 2010, 411, 1565–1569. [Google Scholar] [CrossRef]

	



World Health Organization. The World Health Report 2002. Reducing Risks, Promoting Healthy Life; WHO Press: Geneva, Switzerland, 2002. [Google Scholar]

	



World Health Organization. The Global Prevalence of Anaemia in 2011; WHO Document Production Services: Geneva, Switzerland, 2017. [Google Scholar]

	



USDA. USDA Food Composition Databases. Available online: https://ndb.nal.usda.gov/ndb/search/list?home=true (accessed on 4 July 2019).

	



Siegenberg, D.; Baynes, R.D.; Bothwell, T.H.; Macfarlane, B.J.; Lamparelli, R.D.; Car, N.G.; MacPhail, P.; Schmidt, U.; Tal, A.; Mayet, F. Ascorbic acid prevents the dose-dependent inhibitory effects of polyphenols and phytates on nonheme-iron absorption. Am. J. Clin. Nutr. 1991, 53, 537–541. [Google Scholar] [CrossRef]

	



Hurrell, R.F.; Reddy, M.B.; Juillerat, M.A.; Cook, J.D. Degradation of phytic acid in cereal porridges improves iron absorption by human subjects. Am. J. Clin. Nutr. 2003, 77, 1213–1219. [Google Scholar] [CrossRef] [PubMed]

	



Hurrell, R.F. Phytic acid degradation as a means of improving iron absorption. Int. J. Vitam. Nutr. Res. 2004, 74, 445–452. [Google Scholar] [CrossRef] [PubMed]

	



Schlemmer, U.; Frølich, W.; Prieto, R.M.; Grases, F. Phytate in foods and significance for humans: Food sources, intake, processing, bioavailability, protective role and analysis. Mol. Nutr. Food Res. 2009, 53, S330–S375. [Google Scholar] [CrossRef] [PubMed]

	



Hallberg, L.; Rossander-Hulten, L.; Brune, M.; Gleerup, A. Calcium and iron absorption: Mechanism of action and nutritional importance. Eur. J. Clin. Nutr. 1992, 46, 317–327. [Google Scholar] [PubMed]

	



Roughead, Z.K.F.; Zito, C.A.; Hunt, J.R. Inhibitory effects of dietary calcium on the initial uptake and subsequent retention of heme and nonheme iron in humans: Comparisons using an intestinal lavage method. Am. J. Clin. Nutr. 2005, 82, 589–597. [Google Scholar] [CrossRef] [PubMed]

	



Hurrell, R.F.; Lynch, S.R.; Trinidad, T.P.; Dassenko, S.A.; Cook, J.D. Iron absorption in humans: Bovine serum albumin compared with beef muscle and egg white. Am. J. Clin. Nutr. 1988, 47, 102–107. [Google Scholar] [CrossRef] [PubMed]

	



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

	



Cook, J.D.; Monsen, E.R. Food iron absorption in human subjects III. Comparison of the effect of animal proteins on nonheme iron absorption. Am. J. Clin. Nutr. 1976, 29, 859–867. [Google Scholar] [CrossRef]

	



Lynch, S.R.; Dassenko, S.A.; Cook, J.D.; Juillerat, M.A.; Hurrell, R.F. Inhibitory effect of a soybean-protein-related moiety on iron absorption in humans. Am. J. Clin. Nutr. 1994, 60, 567–572. [Google Scholar] [CrossRef]

	



Gillooly, M.; Bothwell, T.H.; Torrance, J.D.; MacPhail, A.P.; Derman, D.P.; Bezwoda, W.R.; Mills, W.; Charlton, R.W. The effects of organic acids, phytates and polyphenols on the absorption of iron from vegetables. Br. J. Nutr. 1983, 49, 331–3423. [Google Scholar] [CrossRef]

	



Ballot, D.; Baynes, R.D.; Bothwell, T.H.; Gillooly, M.; MacFarlane, B.J.; MacPhail, A.P.; Lyons, G.; Derman, D.P.; Bezwoda, W.R.; Torrance, J.D.; et al. The effects of fruit juices and fruits on the absorption of iron from a rice meal. Br. J. Nutr. 1987, 57, 331–343. [Google Scholar] [CrossRef] [PubMed]

	



Hallberg, L.; Brune, M.; Rossander, L. Iron absorption in man: Ascorbic acid and dose-dependent inhibition by phytate. Am. J. Clin. Nutr. 1989, 49, 140–144. [Google Scholar] [CrossRef] [PubMed]

	



Carr, A.C.; Frei, B. Toward a new recommended dietary allowance for vitamin C based on antioxidant and health effects in humans. Am. J. Clin. Nutr. 1999, 69, 1086–1107. [Google Scholar] [CrossRef] [PubMed]

	



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

	



Cook, J.D.; Reddy, M.B. Effect of ascorbic acid intake on nonheme-iron absorption from a complete diet. Am. J. Clin. Nutr. 2001, 73, 93–98. [Google Scholar] [CrossRef] [PubMed]

	



Hurrell, R.F.; Reddy, M.B.; Juillerat, M.; Cook, J.D. Meat protein fractions enhance nonheme iron absorption in humans. J. Nutr. 2006, 136, 2808–2812. [Google Scholar] [CrossRef] [PubMed]

	



Storcksdieck, S.; Bonsmann, G.; Hurrell, R.F. Iron-binding properties, amino acid composition, and structure of muscle tissue peptides from in vitro digestion of different meat sources. J. Food Sci. 2007, 72, S19–S29. [Google Scholar] [CrossRef] [PubMed]

	



Armah, C.N.; Sharp, P.; Mellon, F.A.; Pariagh, S.; Lund, E.K.; Dainty, J.R.; Teucher, B.; Fairweather-Tait, S.J. L-alpha-glycerophosphocholine contributes to meat’s enhancement of nonheme iron absorption. J. Nutr. 2008, 138, 873–877. [Google Scholar] [CrossRef] [PubMed]

	



Yip, R.; Ramakrishnan, U. Experiences and Challenges in Developing Countries. J. Nutr. 2002, 132, 827S–830S. [Google Scholar] [CrossRef]

	



Lynch, S.R. The impact of iron fortification on nutritional anaemia. Best Pract. Res. Clin. Haematol. 2005, 18, 333–346. [Google Scholar] [CrossRef]

	



Baltussen, R.; Knai, C.; Sharan, M. Iron Fortification and Iron Supplementation are Cost-Effective Interventions to Reduce Iron Deficiency in Four Subregions of the World. J. Nutr. 2004, 134, 2678–2684. [Google Scholar] [CrossRef] [PubMed]

	



Cheynier, V.; Comte, G.; Davies, K.M.; Lattanzio, V.; Martens, S. Plant phenolics: Recent advances on their biosynthesis, genetics, and ecophysiology. Plant Physiol. Biochem. 2013, 72, 1–20. [Google Scholar] [CrossRef] [PubMed]

	



Robards, K. Strategies for the determination of bioactive phenols in plants, fruit and vegetables. J. Chromatogr. A 2003, 1000, 657–691. [Google Scholar] [CrossRef]

	



Lattanzio, V.; Lattanzio, V.M.T.; Cardinali, A. Role of phenolics in the resistance mechanisms of plants against fungal pathogents and insect. In Phytochemistry: Advances in Research; Imperato, F., Ed.; Research Signpost: Trivandrum, Kerala, India, 2006. [Google Scholar]

	



Bradshaw, H.D.; Schemske, D.W. Allele substitution at a flower colour locus produces a pollinator shift in monkeyflowers. Nature 2003, 426, 176–178. [Google Scholar] [CrossRef]

	



Falcone Ferreyra, M.L.; Rius, S.P.; Casati, P. Flavonoids: Biosynthesis, biological functions, and biotechnological applications. Front. Plant Sci. 2012, 3, 222. [Google Scholar] [CrossRef] [PubMed]

	



Sharma, R. Polyphenols in health and disease. Practice and mechanisms of benefits. In Polyphenols in Human Health and Disease; Watson, R.R., Preedy, V.R., Zibadi, S., Eds.; Academic Press: Cambridge, MA, USA, 2014; pp. 757–778. [Google Scholar]

	



Havsteen, B.H. The biochemistry and medical significance of the flavonoids. Pharmacol. Ther. 2002, 96, 67–202. [Google Scholar] [CrossRef]

	



Rietveld, A.; Wiseman, S. Antioxidant effects of tea: Evidence from human clinical trials. J. Nutr. 2003, 133, 3285S–3292S. [Google Scholar] [CrossRef]

	



Liguori, I.; Russo, G.; Curcio, F.; Bulli, G.; Aran, L.; Della-Morte, D.; Gargiulo, G.; Testa, G.; Cacciatore, F.; Bonaduce, D.; et al. Oxidative stress, aging, and diseases. Clin. Interv. Aging 2018, 13, 757–772. [Google Scholar] [CrossRef]

	



Marzocchella, L.; Fantini, M.; Benvenuto, M.; Masuelli, L.; Tresoldi, I.; Modesti, A.; Bei, R. Dietary flavonoids: Molecular mechanisms of action as anti- inflammatory agents. Recent Pat. Inflamm. Allergy Drug Discov. 2011, 5, 200–220. [Google Scholar] [CrossRef]

	



Williamson, G.; Manach, C. Bioavailability and bioefficacy of polyphenols in humans II. Review of 93 intervention studies. Am. J. Clin. Nutr. 2005, 81, S243–S255. [Google Scholar] [CrossRef]

	



Hooper, L.; Kroon, P.A.; Rimm, E.B.; Cohn, J.S.; Harvey, I.; Le Cornu, K.A.; Ryder, J.J.; Hall, W.L.; Cassidy, A. Flavonoids, flavonoid-rich foods, and cardiovascular risk: A meta-analysis of randomized controlled trials. Am. J. Clin. Nutr. 2008, 88, 38–50. [Google Scholar] [CrossRef] [PubMed]

	



Egert, S.; Rimbach, G. Which sources of flavonoids: Complex diets or dietary supplements? Adv. Nutr. 2011, 2, 8–14. [Google Scholar] [CrossRef] [PubMed]

	



Lee, J.; Mitchell, A.E. Pharmacokinetics of Quercetin Absorption from Apples and Onions in Healthy Humans. J. Agric. Food Chem. 2012, 60, 3874–3881. [Google Scholar] [CrossRef]

	



Walle, T.; Otake, Y.; Walle, U.K.; Wilson, F.A. Quercetin glucosides are completely hydrolyzed in ileostomy patients before absorption. J. Nutr. 2000, 130, 2658–2661. [Google Scholar] [CrossRef]

	



Wolffram, S.; Blöck, M.; Ader, P. Quercetin-3-glucoside is transported by the glucose carrier SGLT1 across the brush border membrane of rat small intestine. J. Nutr. 2002, 132, 630–635. [Google Scholar] [CrossRef] [PubMed]

	



Day, A.J.; Gee, J.M.; DuPont, M.S.; Johnson, I.T.; Williamson, G. Absorption of quercetin-3-glucoside and quercetin-4′-glucoside in the rat small intestine: The role of lactase phlorizin hydrolase and the sodium-dependent glucose transporter. Biochem. Pharmacol. 2003, 65, 1199–1206. [Google Scholar] [CrossRef]

	



Ziberna, L.; Fornasaro, S.; Čvorović, J.; Tramer, F.; Passamonti, S. Bioavailability of flavonoids: The role of cell membrane transporters. In Polyphenols in Human Health and Disease; Watson, R.R., Preedy, V.R., Zibadi, S., Eds.; Academic Press: Cambridge, MA, USA, 2014; pp. 489–511. [Google Scholar]

	



Strobel, P.; Allard, C.; Perez-Acle, T.; Calderon, R.; Aldunate, R.; Leighton, F. Myricetin, quercetin and catechin-gallate inhibit glucose uptake in isolated rat adipocytes. Biochem. J. 2005, 386, 471–478. [Google Scholar] [CrossRef] [PubMed]

	



Hollman, P.C.; Bijsman, M.N.; van Gameren, Y.; Cnossen, E.P.; de Vries, J.H.; Katan, M.B. The sugar moiety is a major determinant of the absorption of dietary flavonoid glycosides in man. Free Radic. Res. 1999, 31, 569–573. [Google Scholar] [CrossRef]

	



Morand, C.; Manach, C.; Crespy, V.; Remesy, C. Quercetin 3-O-beta-glucoside is better absorbed than other quercetin forms and is not present in rat plasma. Free Radic. Res. 2000, 33, 667–676. [Google Scholar] [CrossRef]

	



Olthof, M.R.; Hollman, P.C.H.; Buijsman, M.N.C.P.; Amelsvoort, J.M.M.; Katan, M.B. Chlorogenic acid, quercetin-3-rutinoside and black tea polyphenols are extensively metabolized in humans. J. Nutr. 2003, 133, 1806–1814. [Google Scholar] [CrossRef]

	



Mullen, W.; Edwards, C.A.; Crozier, A. Absorption, excretion and metabolite profiling of methyl-, glucuronyl-, glucosyl- and sulpho-conjugates of quercetin in human plasma and urine after ingestion of onions. Br. J. Nutr. 2006, 96, 107–116. [Google Scholar] [CrossRef] [PubMed]

	



Schroeter, H.; Heiss, C.; Spencer, J.P.; Keen, C.L.; Lupton, J.R.; Schmitz, H.H. Recommending flavanols and procyanidins for cardiovascular health: Current knowledge and future needs. Mol. Asp. Med. 2010, 31, 546–557. [Google Scholar] [CrossRef] [PubMed]

	



Lam, T.K.; Rotunno, M.; Lubin, J.H.; Wacholder, S.; Consonni, D.; Pesatori, A.C.; Bertazzi, P.A.; Chanock, S.J.; Burdette, L.; Goldstein, A.M.; et al. Dietary quercetin, quercetin-gene interaction, metabolic gene expression in lung tissue and lung cancer risk. Carcinogenesis 2010, 31, 634–642. [Google Scholar] [CrossRef] [PubMed]

	



Ekström, A.M.; Serafini, M.; Nyrén, O.; Wolk, A.; Bosetti, C.; Bellocco, R. Dietary quercetin intake and risk of gastric cancer: Results from a population-based study in Sweden. Ann. Oncol. 2011, 22, 438–443. [Google Scholar] [CrossRef] [PubMed]

	



Beecher, G.R. Overview of Dietary Flavonoids: Nomenclature, Occurrence and Intake. J. Nutr. 2003, 133, 3248S–3254S. [Google Scholar] [CrossRef] [PubMed]

	



Bhagwat, S.; Haytowitz, D.B.; Holden, J.M. USDA Database for the Flavonoid Content of Selected Foods; U.S. Department of Agriculture: Beltsville, MD, USA, 2014.

	



Disler, P.B.; Lynch, S.R.; Charlton, R.W.; Torrance, J.D.; Bothwell, T.H.; Walker, R.B.; Mayet, F. The effect of tea on iron absorption. Gut 1975, 16, 193–200. [Google Scholar] [CrossRef] [PubMed]

	



Rossander, L.; Hallberg, L.; Bjom-Rasmussen, E. Absorption of iron from breakfast meals. Am. J. Clin. Nutr. 1979, 32, 2484–2489. [Google Scholar] [CrossRef]

	



Petry, N. Polyphenols and low iron bioavailability. In Polyphenols in Human Health and Disease; Watson, R.R., Preedy, V.R., Zibadi, S., Eds.; Academic Press: Cambridge, MA, USA, 2014; pp. 311–322. [Google Scholar]

	



Lesjak, M.; Hoque, R.; Balesaria, S.; Skinner, V.; Debnam, E.S.; Srai, S.K.; Sharp, P.A. Quercetin inhibits intestinal iron absorption and ferroportin transporter expression in vivo and in vitro. PLoS ONE 2014, 9, e102900. [Google Scholar] [CrossRef]

	



Vlachodimitropoulou, E.; Naftalin, R.J.; Sharp, P.A. Quercetin is a substrate for the transmembrane oxidoreductase Dcytb. Free Radic. Biol. Med. 2010, 48, 1366–1369. [Google Scholar] [CrossRef]

	



Poggiali, E.; Cassinerio, E.; Zanaboni, L.; Cappellini, M.D. An update on iron chelation therapy. Blood Transfus. 2012, 10, 411–422. [Google Scholar]

	



Baccan, M.M.; Chiarelli-Neto, O.; Pereira, R.M.S.; Espósito, B.P. Quercetin as a shuttle for labile iron. J. Inorg. Biochem. 2012, 107, 34–39. [Google Scholar] [CrossRef] [PubMed]

	



Bayele, H.K.; Balesaria, S.; Srai, S.K.S. Phytoestrogens modulate hepcidin expression by Nrf2: Implications for dietary control of iron absorption. Free Radic. Biol. Med. 2015, 89, 1192–1202. [Google Scholar] [CrossRef] [PubMed]

	



Granado-Serrano, A.B.; Martín, M.A.; Bravo, L.; Goya, L.; Ramos, S. Quercetin modulates Nrf2 and glutathione-related defenses in HepG2 cells: Involvement of p38. Chem. Biol. Interact. 2012, 195, 154–164. [Google Scholar] [CrossRef] [PubMed]

	



Vanhees, K.; Godschalk, R.W.; Sanders, A.; van Doorn, S.B.V.W.; van Schooten, F.J. Maternal quercetin intake during pregnancy results in an adapted iron homeostasis at adulthood. Toxicology 2011, 290, 350–358. [Google Scholar] [CrossRef] [PubMed]

	



Mladěnka, P.; Macáková, K.; Filipský, T.; Zatloukalová, L.; Jahodář, L.; Bovicelli, P.; Silvestri, I.P.; Hrdina, R.; Saso, L. In vitro analysis of iron chelating activity of flavonoids. J. Inorg. Biochem. 2011, 105, 693–701. [Google Scholar] [CrossRef] [PubMed]

	



Kim, E.Y.; Ham, S.; Bradke, D.; Ma, Q.; Han, O. Ascorbic acid offsets the inhibitory effect of bioactive dietary polyphenolic compounds on transepithelial iron transport in Caco-2 intestinal cells. J. Nutr. 2011, 141, 828–834. [Google Scholar] [CrossRef] [PubMed]

	



Lesjak, M.; Balesaria, S.; Skinner, V.; Debnam, E.S.; Srai, S.K.S. Quercetin inhibits intestinal non-haem iron absorption by regulating iron metabolism genes in the tissues. Eur. J. Nutr. 2019, 58, 743–753. [Google Scholar] [CrossRef] [PubMed]

	



Leopoldini, M.; Russo, N.; Chiodo, S.; Toscano, M. Iron chelation by the powerful antioxidant flavonoid quercetin. J. Agric. Food Chem. 2006, 54, 6343–6351. [Google Scholar] [CrossRef] [PubMed]

	



Ren, J.; Meng, S.; Lekka, C.E.; Kaxiras, E. Complexation of Flavonoids with Iron: Structure and Optical Signatures. J. Phys. Chem. B 2008, 112, 1845–1850. [Google Scholar] [CrossRef] [PubMed]

	



Perron, N.R.; Brumaghim, J.L. A Review of the Antioxidant Mechanisms of Polyphenol Compounds Related to Iron Binding. Cell Biochem. Biophys. 2009, 53, 75–100. [Google Scholar] [CrossRef]

	



Escudero, L.B.; Fusari, C.M.; Altamirano, J.C.; Camargo, A.B.; Wuilloud, R.G. Stability of Iron-Quercetin Complexes in Synthetic Wine under in vitro Digestion Conditions. J. Food Sci. 2014, 79, C1933–C1938. [Google Scholar] [CrossRef] [PubMed]

	



Vlachodimitropoulou, E.; Sharp, P.A.; Naftalin, R.J. Quercetin-iron chelates are transported via glucose transporters. Free Radic. Biol. Med. 2011, 50, 934–944. [Google Scholar] [CrossRef] [PubMed]

	



Cunningham, P.; Afzal-Ahmed, I.; Naftalin, R.J. Docking studies show that D-glucose and quercetin slide through the transporter GLUT1. J. Biol. Chem. 2006, 281, 5797–5803. [Google Scholar] [CrossRef] [PubMed]

	



Kim, E.; Ham, S.; Shigenaga, M.K.; Han, O. The inhibiting bioactive dietary polyphenolic compounds reduce nonheme iron transport across human intestinal cell monolayers. J. Nutr. 2008, 138, 1647–1651. [Google Scholar] [CrossRef] [PubMed]

	



Muckenthaler, M.U.; Galy, B.; Hentze, M.W. Systemic iron homeostasis and the iron-responsive element/iron-regulatory protein (IRE/IRP) regulatory network. Annu. Rev. Nutr. 2008, 28, 197–213. [Google Scholar] [CrossRef] [PubMed]

	



Hart, J.J.; Tako, E.; Kochian, L.V.; Glahn, R.P. Identification of black bean (Phaseolus vulgaris L.) polyphenols that inhibit and promote iron uptake by Caco-2 cells. J. Agric. Food Chem. 2015, 63, 5950–5956. [Google Scholar] [CrossRef] [PubMed]

	



Hart, J.J.; Tako, E.; Glahn, R.P. Characterization of polyphenol effects on inhibition and promotion of iron uptake by Caco-2 cells. J. Agric. Food Chem. 2017, 65, 3285–3294. [Google Scholar] [CrossRef]

	



Mu, M.; An, P.; Wu, Q.; Shen, X.; Shao, D.; Wang, H.; Zhang, Y.; Zhang, S.; Yao, H.; Min, J.; et al. The dietary flavonoid myricetin regulates iron homeostasis by suppressing hepcidin expression. J. Nutr. Biochem. 2016, 30, 53–61. [Google Scholar] [CrossRef]

	



Zhen, A.W.; Nguyen, N.H.; Gibert, Y.; Motola, S.; Buckett, P.; Wessling-Resnick, M.; Fraenkel, E.; Fraenkel, P.G. The small molecule, genistein, increases hepcidin expression in human hepatocytes. Hepatology 2013, 58, 1315–1325. [Google Scholar] [CrossRef]

	



Patchen, B.; Koppe, T.; Cheng, A.; Seo, Y.A.; Wessling-Resnick, M.; Fraenkel, P.G. Dietary supplementation with ipriflavone decreases hepatic iron stores in wild type mice. Blood Cells Mol. Dis 2016, 60, 36–43. [Google Scholar] [CrossRef]

	



Grillo, A.S.; SantaMaria, A.M.; Kafina, M.D.; Cioffi, A.G.; Huston, N.C.; Han, M.; Seo, Y.A.; Yien, Y.Y.; Nardone, C.; Menon, A.V.; et al. Restored iron transport by a small molecule promotes absorption and hemoglobinization in animals. Science 2017, 356, 608–616. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, M.; Liu, J.; Guo, W.; Liu, X.; Liu, S.; Yin, H. Icariin regulates systemic iron metabolism by increasing hepatic hepcidin expression through Stat3 and Smad1/5/8 signaling. Int. J. Mol. Med. 2016, 37, 1379–1388. [Google Scholar] [CrossRef] [PubMed]








[image: Pharmaceuticals 12 00119 g001 550] 





Figure 1. Distribution of body iron. The adult human body has approximately 4 g of iron, with more than half (>2 g) incorporated in the haemoglobin of developing erythroid precursors (300 mg) and mature circulating erytrocytes (1800 mg). The remaining body iron is found in a transit pool in reticulo-endothelial macrophages (600 mg) or stored in hepatocytes (1000 mg). A smaller part is present in muscles within myoglobin (300 mg), while only a minor amount is present in plasma bound to transferrins (Tfs,3 mg) or incorporated in other proteins and enzymes that include iron in their structures. Approximately, 10–20 mg of iron is daily consumed by diet, from which only 1–2 mg is absorbed. The same amount is lost every day by blood loss of different etiology, shedding of the skin and sloughed enterocytes. 
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Figure 2. Mechanism of non-haem and haem iron absorption in duodenal cells. Non-haem iron from food is firstly reduced by the ferric reductase Dcytb yielding Fe2+, which afterwards enters the enterocytes via divalent metal transporter 1 (DMT1). On the other hand, haem is absorbed via haem carrier protein 1 (HCP1), subsequently broken down by HO-1, after which free Fe2+ from haem joins a common cell iron pool with iron from the non-haem source. If body iron stores are high, iron may be stored in the cell complexed with ferritin as Fe3+ and eventually lost when the cell is discarded from the intestinal villus tip. Otherwise, iron efflux into the circulation via the iron efflux transporter ferroportin (FPN), subsequently being re-oxidised through hephaestin (Heph) to enable loading into Tf, after which it is transferred to peripheral tissues that require iron. 
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Figure 3. Structure of Phytate. 
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Figure 4. Structure of some classes of flavonoids. 
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Figure 5. Structures of complexes between Fe3+ and quercetin. 
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Table 1. Daily requirements of absorbed iron in individuals of different age, sex and state [32,33].
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	Age/State
	Absorbed Iron in Duodenum a (mg/day)





	4–12 months
	0.96



	13–24 months
	0.61



	2–5 years
	0.70



	6–11 years
	1.17



	12–16 years (girls)
	2.02



	12–16 years (boys)
	1.82



	Adult males
	1.14



	Women during lactation
	1.31



	Women during menstruating period
	2.38



	Women during postmenopausal period
	0.96



	Women 1st trimester of pregnancy
	0.8



	Women 2nd & 3rd trimester of pregnancy
	6.3







a Calculations were done on the basis of average weight and average status.
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