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ARTICLE INFO ABSTRACT
Article history: Iron (Fe) deficiency is considered as the most common nutritional deficiency. Iron deficiency is usu-
Received 29 September 2016 ally associated with low Fe intake, blood loss, diseases, poor absorption, gastrointestinal parasites, or
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increased physiological demands as in pregnancy. Nutritional Fe deficiency is usually treated with Fe
Accepted 7 February 2017

tablets, sometimes with Fe-containing multimineral tablets. Trace element interactions may have a sig-
nificant impact on Fe status. Existing data demonstrate a tight interaction between manganese (Mn) and

:(r?;lwords" Fe, especially in Fe-deficient state. The influence of Mn on Fe homeostasis may be mediated through its
Iron deficiency influence on Fe absorption, circulating transporters like transferrin, and regulatory proteins. The exist-
Zinc ing data demonstrate that the influence of zinc (Zn) on Fe status may be related to their competition for
Manganese metal transporters. Moreover, Zn may be involved in regulation of hepcidin production. At the same time,
Chromium human data on the interplay between Fe and Zn especially in terms of Fe-deficiency and supplementation
Selenium are contradictory, demonstrating both positive and negative influence of Zn on Fe status. Numerous data
also demonstrate the possibility of competition between Fe and chromium (Cr) for transferrin binding.
At the same time, human data on the interaction between these metals are contradictory. Therefore,
while managing hypoferremia and Fe-deficiency anemia, it is recommended to assess the level of other
trace elements in parallel with indices of Fe homeostasis. It is supposed that simultaneous correction of
trace element status in Fe deficiency may help to decrease possible antagonistic or increase synergistic

interactions.
© 2017 Elsevier GmbH. All rights reserved.
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1. Introduction

Iron (Fe) is an essential trace element for most life on the Earth,
including human beings. The adult human body contains 3-5 g Fe.
About 75% of this is found in hemoglobin (Hb), myoglobin and Fe-
containing enzymes such as catalase and peroxidase enzymes. The
other 25% of the body Fe is stored in the bone marrow, liver, and
spleen. Iron is also necessary for the functioning of various cellular
mechanisms, including DNA synthesis, enzymatic processes, and
mitochondrial energy generation [1].

About 30% of the world’s population has anemia [2], and about
50% of these cases are due to Fe deficiency [3], which is also consid-
ered to be the most common nutritional deficiency. However, the
prevalence of Fe deficiency anemia varies highly between different
countries and different parts of the world [2].

The human body needs a dietary intake of about 20 mg Fe daily
for the production of red blood cells and cellular metabolism [4].
The average intake of dietary Fe in the US is 16-18 mg/day for
men, 12 mg/day in pre- and postmenopausal women, and about
15 mg/day in pregnant women [5]. The body lose about 1-2 mg Fe
daily due to skin desquamation, sweating, and urinary excretion [4].
In a typical Western diet, less than 20% of available Fe is absorbed.
The bioavailability of Fe from a vegetarian diet is only 10% while it
is 18% from a mixed diet [5].

A growing child has almost the same need for Fe as an adult, but
it eats less and has a significantly greater risk of Fe deficiency than
adults have. In babies and young children (aged 0-15 years), rapid
growth decreases Fe stores that have accumulated during gesta-
tion, which can lead to an absolute Fe deficiency [6]. Especially at
risk are infants that are born preterm, with low birthweight, or if
the mother had Fe deficiency [3,7,8]. Even full-term infants may
be at risk if they do not receive adequate amounts of solid foods
that are rich in bioavailable Fe when they are 6-9 months old [9].
After childhood, adolescent girls are especially at risk to develop Fe
deficiency caused by menstrual Fe losses [10].

The absorption of Fe is regulated by a small peptide hepcidin,
which is mainly secreted by hepatocytes [11]. Hepcidin binds
to the Fe export protein ferroportin in enterocyte, macrophage,
and hepatocyte membranes. The ferroportin-hepcidin complex is
internalized and degraded. The result is reduced export of Fe
from enterocytes and macrophages into the circulation, which
leads to decreased plasma Fe levels. Iron overload upregulates
the production of hepcidin, and Fe deficiency down-regulate it.
The bone morphogenetic protein (BMP), mutated hemochromato-
sis (HFE [human factors engineering]) protein, transferrin receptor
2 (TfR2), and hemojuvelin (H]JV) are essential activation regulators
of the hepcidin synthesis. Lack of or mutations in the genes for
these proteins, for example, the HFE mutation, C282Y, in primary
hemochromatosis reduces the synthesis of hepcidin. Iron regula-
tory proteins (IRP) can bind to Fe-responsive sequences (IRE) in
ferritin mRNA and transferrin receptor mRNA and regulate protein

synthesis. In mammalian cells, the intracellular Fe homeostasis is
mainly controlled by two cytoplasmic RNA-binding proteins (IRP1
and IRP2). Dietary calcium (Ca) may also inhibit Fe absorption
[12,13]. Phytates (in cereals and beans) and tannins (in tea) reduce
the absorption of non-heme Fe [14,15]. The copper (Cu) protein
hephaestin is also essential for Fe absorption, explaining that Cu
deficiency may cause microcytic anemia.

Iron deficiency occurs when Fe losses or requirements exceed
absorption and is often multifactorial. It is crucial to determine the
underlying causes of the Fe deficiency, rather than just treating
it with Fe supplements. Among factors that can cause Fe defi-
ciency is increased physiological demands, e.g., during pregnancy
and growth. Gastrointestinal disorders like ulcerative colitis and
Crohn'’s disease, and gastric bypass (bariatric) surgery increase the
risk of Fe deficiency [16-20].

The present paper discusses the interactions between Fe and
other trace elements included in multimineral supplements, viz.
manganese (Mn), zinc (Zn), and chromium (Cr), and focuses on
interactions in Fe deficiency. Interactions with selenium (Se) are
only briefly summarized. The present paper covers especially
aspects of interactions that have not been highlighted in previous
reviews.

2. Iron supplementation

Dietary Fe is present in two different forms (heme and non-
heme): Heme iron is bound to Hb and myoglobin and is present in
animal food sources such as meat, poultry, and seafood [21]. Non-
heme Fe (ferric iron, Fe3*) is present in cereal and vegetable food
sources [21]. Iron bound to Hb and myoglobin (heme Fe) is better
absorbed than non-heme Fe. Heme Fe contributes to 10-15% of the
total Fe intake but accounts for more than 40% of total absorbed Fe
due to its higher absorption rate [22].

A standard treatment in cases of minor to moderate Fe defi-
ciency is supplementation with a Fe salt, e.g. ferrous sulfate, at a
dose corresponding to 60 mg of iron daily [23].

Daily Fe supplementation during pregnancy significantly
reduces the risk of anemia at term [24]. A preventive supplement
of 15 mg daily is often prescribed [5]. The dietary demand of other
minerals are also increased during pregnancy, and a multimineral
tablet with Fe (15 mg), usually enriched with Zn, Cu, Mn, Cr, Se, and
folate, may be a preferred supplement [25,26].

At the same time, earlier data demonstrate that trace elements
interaction may have a significant impact on Fe status. In particular,
Cu plays an important role in Fe metabolism [27-29]. Ceruloplas-
min is the major Cu-transporting protein in the blood. Also, it plays
a role in Fe metabolism. Copper deficiency is associated with a
reduced absorption of Fe. Anemia is a clinical sign of Cu deficiency.
In Fe-deficient animals, Cu accumulates in the liver. Adequate Cu
is required for normal Fe metabolism and red blood cell forma-
tion [28]. The interaction between Fe and Cu has been extensively
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reviewed previously [29-31], and is therefore not further discussed
in this paper.

In both humans and animals, the intestinal absorption of lead
(Pb) and cadmium (Cd) increases in case of Fe deficiency [32]. Thus,
Fe deficiency in young children may increase the risk of Pb poison-
ing [33].

3. Interactions between iron and manganese

Manganese (Mn) is an essential trace element required for nor-
mal metabolism of lipids, carbohydrates, and proteins through its
cofactor role in certain enzymes [34]. Manganese is also involved in
reproduction and growth, immunity, energy homeostasis, antioxi-
dant defense and other processes [35]. At the same time, excessive
Mn intake may result in metal toxicity [36]. A multimineral tablet
may contain 2 mg Mn.

The existing data demonstrate that the interaction between Fe
and Mn occurs due to similarities in absorption and transport mech-
anisms [37].

3.1. Studies in cell lines

The pioneer study on the role of DMT-1 in metal transport
demonstrated that this protein mediates active transport of a broad
range of metals including Mn [38]. Moreover, it is supposed that the
affinity of DMT1 to Mn is higher than that of Fe [39,40]. Incubation
of Caco2 cells in the presence of 500 WM Mn significantly decreased
acid-stimulated Fe uptake by DMT1 [41]. Moreover, Mn exposure
(100 wM for 24 and 48h) also resulted in upregulation of DMT1
expression in choroidal epithelia of the blood-cerebrospinal fluid
barrier [42]. The role of DMT1 in Mn transport was also studied in
various non-mammalian species [43]. At the same time, a study on
A549 cell line demonstrated that DMT1 is not the predominant Mn
transporter in pulmonary cells [44]. Thus, DMT1 may not be the key
to explaining Fe-Mn interaction.

It has also been noted that Mn exposure significantly increases
the level ferroportin (Fpn) being the Fe exporter in the basolat-
eral membrane of the enterocytes. Moreover, Fpn has been shown
to transport Mn in terms of metal overload (100, 250, or 500 uM
for 6h) [45]. It has also been demonstrated that Fpn-mediated
Mn export in Xenopus laevis oocytes was partially inhibited by
treatment with 100 uM Fe, Co, or Ni [46]. In another study using
Xenopus oocytes, ferroportin-stimulated efflux of Mn was also
demonstrated. However, Mn efflux was not inhibited by hepcidin
[47], a key regulator of Fe homeostasis. It is notable that treatment
with 10, 50, or 100 .M Mn for 16-24 h had no effect on Fpn gene
expression in J774 cells [48].

An early study indicated that Mn forms a specific complex with
transferrin [49], a key part of Fe delivery system [50]. Later studies
demonstrated that Mn binds to both Fe-binding sites in Tf molecule
[51,52] and the oxidation state of Mn determines metal affinity
to endogenous ligands during its transport across the blood-brain
barrier [53]. It has also been shown that Mn3* is transported to
target cells by the Tf mechanism similarly to Fe3* [54]. It is notable
that the results of in vitro study demonstrated that ceruloplasmin
might take part in Mn binding to apoTf [55,56]. Apparently, Mn2*
should be oxidized to Mn3* before interaction with Tf [57].

In addition to Fe transport mechanisms, Mn also interferes with
the system of Fe regulatory proteins (IRP), acting as the regula-
tory system of Fe metabolism [58,59]. In particular, it has been
demonstrated that moderate Mn exposure (10 and 50 M) resulted
in decreased IRP binding activity, whereas high-level Mn exposure
(200 wM) increased IRP binding in incubated PC12 cells [60]. A Later
study from these authors demonstrated that Mn-exposed (1, 10, 50,
and 200 wM for 12, 24, 36, and 48 h) neuronal PC12 cells are charac-

terized by altered dynamics of IRP-1 binding and the intracellular
abundance of IRP-2 [61]. At the same time, a later study showed
that Mn-induced (150 or 300 M) alteration of Fe homeostasis in
GABAergic AF5 cells predominantly occurs through modulation of
IRP2, and only to a lesser extent of IRP1 [62]. A detailed study of the
effect of non-ferrous metals on IRP binding demonstrated that Mn
has as high affinity as Fe to the fourth labile position of Fe-S cluster
in IRP1 [63].

An investigation using cultured hepatocytes demonstrated that
Mn treatment (100 M MnCl, ) results in increased hepcidin levels
[64]. Taking into account the role of hepcidin in Fe homeostasis, the
author proposes that Mn exposure, especially in Fe-deficient state,
may aggravate Fe deficiency [64].

3.2. Studies in laboratory animals

The results of in vivo studies involving laboratory animals
confirmed these results of in vitro studies partially. Numerous
investigations using laboratory rodents was performed to assess
the role of DMT1 in Mn transport in various tissues. An in vivo
investigation using developing rats indicated that Mn exposure
through milk during lactation was associated with enhanced DMT1
expression in the brain of the newborn [65]. Manganese uptake
by olfactory epithelium was also DMT1-mediated being upregu-
lated during Fe-deficiency anemia [66]. However, a recent study
demonstrated that DMT1 is essential for the transport of Fe, but
not for Mn transport in a mouse model lacking intestinal DMT1
[67]. These data correspond to the earlier finding that Mn transport
across the blood-brain barrier is not mediated by DMT1 [68]. There-
fore, the animal studies are in agreement with in vitro experiments
being indicative of the insignificant role of DMT1 in mediating the
complex interaction between Mn and Fe in vivo.

The involvement of Fpn in Mn transport was also confirmed by
an observation of impaired Mn metabolism in Fpn-deficient mice
[69,70]. Interestingly, this group of researchers indicated enhanced
Mn absorption in mice with HFE deficiency, whereas no significant
alteration of tissue Mn distribution was observed after metal injec-
tion or instillation [71]. However, another study on HFE~/~ mice
being characterized by increased ferroportin expression showed
that liver mitochondria contained significantly lower Mn and ele-
vated Fe levels as compared to wild-type controls [72]. In a rat
model of Mn-induced parkinsonism, Mn exposure (IP injection
of 5, 15, and 20 mg/kg MnCl, for 16 weeks) was associated with
increased expression of DMT1 and decreased expression of Fpn1 in
the substantia nigra ultimately leading to iron overload [73].

Laboratory rodent experiments also demonstrated that trans-
ferrin serves as the major Mn carrier in plasma independently of
the route of Mn administration [74]. Correspondingly, studies using
hypotransferrinemic mice showed that normal levels of transferrin
are required for proper body distribution of Mn [75]. In contrast, an
in vivo investigation in hpx mice, a model of inherited transferrin
deficiency, demonstrated that transferrin does not have a primary
role in Mn distribution [76]. The observed contradiction may be
related to different sources of Mn in these studies, i.e. subcutaneous
injection [75] and diet [76]. It has also been hypothesized that Tf
may be essential for manganese distribution in the case of Mn defi-
ciency or overload [76]. Also, Mn-Tf has been shown to compete
with Fe-Tf for the binding site of the receptor on lactating mouse
mammary gland cells [77]. However, it is questionable whether
such competition may have a significant impact on Fe metabolism
due to the much lower concentration of Mn in comparison to Fe.

Animal studies demonstrated the interplay between Mn and Fe
status(Table 1).Ithas been demonstrated that dietary Fe-deficiency
in rats increases the rate of Mn accumulation in liver and elevates
the susceptibility to Mn toxicity in rats [78]. These data are in agree-
ment with the later results obtained by Wessling-Resnick and the
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Table 1
Experimental data on the interaction between manganese (Mn) and iron (Fe).
Objects Conditions Factors Effects References
Rats Fe-deficiency 47 mg/100 g FeSO4-7H,0 in 1 liver Mn [78]
diet+ 15 mg/kg MnCl,-4H,0 ip
Rats 21d Fe deficiency 20-25 ppm Fe diet 4+ RBC Mn [79]
+22.5Ci >*Mn/kg iv <« plasma Mn
injection/intratracheal
instillation
Rats 21d Fe overload + 10000 ppm Fe | lung Mn absorption [80]
+1.5ml >*MnCl, (10 p.Ci/ml)
intratracheal instillation
+0.5ml >*MnCl, (30 w.Ci/ml) iv
Rats Fe overload +3% w/w carbonyl iron in diet < liver Mn [81]
41 spleen Mn
Rats Fe overload + polymaltose Fe ip < liver Mn [81]
1 spleen Mn
Rats Fe overload + polymaltose Fe iv 4 liver Mn [81]
1 spleen Mn
Rats 7-8w Fe-adequate + 6 mg/kg/day Mn ip | plasma Fe [82]
1 CSF Fe

ip — intraperitoneally; iv - intravenously; 1 - significant increase; | - significant decrease; <> - no significant changes.

collaborators, who have demonstrated that Fe deficiency increases
pulmonary Mn absorption [79], whereas its excess has the opposite
effect [80]. It is interesting that Fe supplementation by intraperi-
toneal (IP) or intravenous (IV) injection resulted in increased Fe
and Mn content in rat’s liver and spleen [81]. Chronic Mn exposure
through IP injections of MnCl; for 30 days resulted in a 32% decrease
in plasma Fe, whereas Fe excess in cerebrospinal fluid [82]. High
intake of Fe resulted in decreased absorption of Mn in calves [83].
Therefore, both Mn and Fe overload may have a significant negative
effect on each other.

3.3. Human studies

Human studies also demonstrated certain interactions between
Mn and Fe, especially in the Fe-deficient state (Tables 2-5 ). In
particular, an examination of infants with Fe deficiency detected
significantly increased levels of blood Mn, whereas Fe supplemen-
tation therapy for 1-6 months significantly improved Fe status
and decreased Mn concentrations [84]. These data correspond
to the results of the earlier assessment of Mn status in adults
[85] and children [86] with Fe deficiency anemia. A large Korean
National Health and Nutritional Examination Survey (KNHANES)
2008 demonstrated that blood Mn concentration was significantly
higher in the low ferritin groups of both men and women as com-
pared to the normal ferritin groups’ values [87]. Similar data were
obtained during HUNT 2 study. In particular, low ferritin group was
characterized by elevated blood Mn levels. Moreover, serum ferritin
was the main determinant of blood Mn levels [88]. The results of
these observational studies are in agreement with the case report
of a 5-year-old girl with manganism who had concurrent Fe defi-
ciency [89]. It has also been demonstrated that genetic variants
in Fe metabolism genes significantly alter Mn status through their
influence on Mn absorption, distribution, and excretion [90].

Additional data on the interaction between Mn and Fe were
obtained in persons occupationally exposed to Mn. In particular, it
has been demonstrated that the increased Mn content in biosam-
ples from welders is associated with lower plasma and erythrocyte
Fe content [91]. At the same time, a recent investigation of 241
welders observed Fe deficiency only in few persons. No signifi-
cant association between blood Mn and serum ferritin was found
[92]. However, another examination of male welders revealed sig-
nificant elevation of both Fe and Mn concentration in serum in
parallel with increased transferrin levels and decreased transfer-
rin receptor levels. Moreover, in the current investigation, serum
Mn was inversely associated with transferrin levels. At the same

time, only transferrin receptor levels were significantly decreased
in female examinees [93]. Correspondingly, Mn alloy production
workers were characterized by the lower concentrations of serum
soluble transferrin receptor as compared to unexposed controls,
suggesting that Mn exposure is associated with higher intracellular
Fe concentrations [94]. Although the data obtained provide only a
mechanistic link to Fe-Mn interaction, the differential effect of Mn
exposure on various markers of Fe status are of particular inter-
est. Hypothetically, these contradictions may be related to multiple
factors including the different Fe status of the examinees at the
moment of investigation and the exposition dose of Mn.

It has been shown that Fe supplementation failed to affect Mn
status in healthy pregnant women [95]. At the same time, the rate
of Mn absorption in healthy young women was maximal in those
with low serum ferritin concentrations and vice versa. Moreover,
the highest half-life of Mn was detected in persons with high fer-
ritin levels consuming a low-Mn diet [96], being in agreement with
the supposition that Tf may play a significant role in Mn distribution
in Mn-deficient state [76]. It is interesting that dietary heme and
non-heme Fe differentially affect Mn status. In particular, increas-
ing consumption of non-heme Fe negatively affected the level of
Mn, whereas no such effect was observed in the case of heme Fe
[97]. Theresults of a 124-day supplementation study demonstrated
that supplementation of 15 mg/day Mn did not affect Fe status in
healthy women. However, combined administration of Mn and Fe
resulted in a significant decrease in serum Mn levels as compared
to both Fe- and Mn-treated values [98].

Conclusively, the reviewed experimental and clinical data indi-
cate a possible association between Mn and Fe metabolism in the
human organism. Special attention to this interaction should be
paid in the case of Fe deficiency. In particular, excessive intake of
Mn in a Fe-deficient state may result not only in aggravation of Fe
deficiency but also in potentiation of Mn toxicity [99].

Generally, data from cell culture studies demonstrate that Mn-
induced modulation of hepcidin and IRE/IRP with subsequent
regulation of transport protein (DMT1, Fpn) expression may under-
lieimpaired Fe status. Moreover, these transporters are also capable
of Mn transport. However, it seems unlikely that direct competition
for transport proteins may mediate antagonistic effects between
Fe and Mn. Similarly, competition for Tf binding observed in vitro
may not have a significant impact on Fe status in vivo due to the
difference in concentrations of Fe and Mn in tissues. The existing
data from exposed and non-exposed organisms (laboratory ani-
mals and humans) demonstrate that the doses of metals as well as
their ratios in the diet and in the organism, may significantly affect
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Table 2
Human data on the interplay between manganese (Mn) and iron (Fe) in children.
Objects Conditions Factors Effects References
Infants Fe deficiency Fe deficiency 4 blood Mn [84]
6 mo —2yo
Infants Fe deficiency + 6 mg/kg Fe | blood Mn * [84]
6 mo — 2yo * as compared to pretreatment
values
Children Fe deficiency anemia Fe deficiency anemia 4 whole blood Mn [86]
1-6yo
5-year-old girl Manganism 4 whole blood Mn 1 Hb [89]
4 serum Mn J MCV
4 liver Mn | serum Fe
4 TIBC
1 - significant increase; | - significant decrease; <> - no significant changes; MCV — mean corpuscular volume; TIBC - total iron-binding capacity.
Table 3
Human data on the interplay between manganese (Mn) and iron (Fe) in adults.
Objects Conditions Factors Effects References
Patients Fe deficiency anemia Fe deficiency anemia 1 blood Mn [85]
Patients Fe deficiency anemia 160-240 mg/day Fe | blood Mn * [85]
*as compared to pretreatment
values
< blood Mn
* as compared to control values
Adults Fe deficiency Ferritin <15 pg/L 1 blood Mn [87]
4 - significant increase; | - significant decrease; <> - no significant changes.
Table 4
The interplay between manganese (Mn) and iron (Fe) in women.
Objects Conditions Factors Effects References
Women Fe deficiency Ferritin <12 p.g/L 4 whole blood Mn [88]
20-55yo
Pregnant women Fe adequate + 100 mg/day FeSO4 < blood Mn [95]
20-35yo
Women Low ferritin +0.7 mg/d Mn 4 Mn absorption * [96]
20-45 yo * as compared to high ferritin
group
Women High ferritin +0.7 mg/d Mn 4 Mn half-life * [96]
20-45 yo * as compared to low ferritin
group
Women Fe-adequate non-heme Fe consumption | serum Mn [97]
~24yo 4 urine Mn
Women Fe-adequate heme Fe consumption < serum Mn [97]
~24 yo < urine Mn
Women Fe-adequate +15 mg/day Mn <« Ht [98]
~24yo < ferritin
< transferrin
<« serum Fe
Women Fe-adequate +15mg/day Mn < Ht* [98]
~24yo < ferritin *
< transferrin *
< serum Fe *
* as compared to placebo
Women Fe-adequate + 60 mg Fe fumarate 4 serum Mn * [98]
~24 yo * as compared to placebo
< serum Mn *
* as compared to Mn-treated
Women Fe-adequate + 60 mg Fe | serum Mn * [98]
~24yo fumarate + 15 mg/day Mn * as compared to Fe- and

Mn-treated

4 - significant increase; | - significant decrease; < - no significant changes; Ht — hematocrit.

the regulatory mechanisms of Fe metabolism. Therefore, additional

studies involving both humans and cellular and animal models are

required for estimation of the intimate mechanisms of Fe-Mn inter-
action at different exposure levels (deficiency, physiological range,

overload).

4. Interactions between iron and zinc

Zinc is an essential trace element involved in multiple cellular
functions. It possesses antioxidant, anti-inflammatory, immunos-

timulatory [100], anticancer [101] and neuroprotective [102]
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Table 5
The interplay between manganese (Mn) and iron (Fe) in workers.
Objects Conditions Factors Effects References
Welders Mn exposure 1 saliva Mn 1 saliva Fe [91]
4 plasma Mn 1 plasma Fe
4 RBC Mn 1 RBC Fe
+ urine Mn 1 urine Fe
4 hair Mn 4 hair Fe
1 transferrin
1 saliva transferrin receptor
Male welders Mn exposure 4 serum Mn 1 serum Fe [93]
19-54 yo <« ferritin
4 transferrin
| transferrin receptor
Female welders Mn exposure 4 serum Mn < serum Fe [93]
19-54 yo <« ferritin
< transferrin
| transferrin receptor
Mn alloy production workers Mn exposure 4 blood Mn < serum Fe [94]
27-62yo 4 urine Mn < urine Fe
< ferritin
< TIBC

< transferrin saturation
4 transferrin receptor

1 - significant increase; | - significant decrease; <> - no significant changes; TIBC - total iron-binding capacity; RBC - red blood cells.

effects. Zinc deficiency is a worldwide problem with nearly 25% of
people worldwide at risk of Zn deficiency [ 103 ]. Due to the involve-
ment of Zn in multiple cellular processes its deficiency is associated
with various pathologic states [ 104]. Despite its essentiality, exces-
sive Zn intake may be associated with toxicity [105]. Therefore,
the risks and benefits of Zn supplementation should always be
taken into account while developing strategies for supplementa-
tion [103].

The interplay between Zn and Fe was documented several
decades ago [106]. The social and health impact of this interaction
in the third world countries has also underlined [107]. At the same
time, the character and mechanisms of such interaction especially
in the case of Fe deficiency are unclear.

4.1. Studies in cell lines

The Zn transport in the organism is mediated by two families of
transport proteins: zinc transporters (ZnT) and Zrt- and Irt-like pro-
teins (Zip). Detailed information on the function of Zn transporters
is provided elsewhere [108,109]. It is notable that certain Zn trans-
porters may also be involved in Fe homeostasis [110]. In particular,
it has been proposed that Zip-14[111,112] and Zip-8 [ 113] may act
as Fe transporters. At the same time, previous studies indicate that
Zn being a divalent ion (Zn2*) also may be transported by DMT1
[38]. However, the affinity of DMT1 to Zn ions is rather low as com-
pared to Fe, cobalt, cadmium, and Mn [114]. The low affinity of
DMT-1 to Zn ions indicates that Zn competition for DMT-1 cannot
be the main mechanism for the interaction between these two met-
als. However, Zn is capable of regulating DMT1 functioning. It has
been demonstrated that Zn supplementation (50 M) increases the
apical membrane abundance of DMT1 in Fe or Zn-deficient Caco-2
cells [112]. These data are in agreement with the earlier indication
of a Zn-induced increase in DMT-1 protein and mRNA levels and
pH-dependent Fe uptake [115]. Furthermore, ferroportin (IREG-1),
the main basolateral exporter of Fe, also possesses affinity to Zn
[47]. Moreover, Zn treatment (50 or 100 M for 24 h) also stim-
ulates transepithelial Fe transfer due to increased IREG-1 mRNA
expression [115]. Earlier studies indicated that the influence of Zn
on Fe regulatory proteins (IRP) is a key system for Fe homeosta-
sis regulation in mammals [116]. In particular, it has been shown
that Zn interferes with the Fe-responsive element (IRE)-binding
activity of IRP1 [117]. In turn, Zn-deficient Swiss 3T3 cells were

characterized by an increased IRE-binding activity of IRP2, whereas
the activity of IRP1 was decreased [118].

Hepcidin, a key regulator of Fe metabolism functions to decrease
access to body iron stores through its sequestration in macrophages
[119]. The existing data indicate that this systemic regulator of Fe
homeostasis is also affected by Zn. In particular, it has been shown
that Zn treatment (100 wM ZnSO4) significantly increases hepcidin
expression through its activation of metal response element (MRE)-
binding transcription factor-1[120]. At the same time, Graham et al.
(2012) propose that Zn deficiency increases hepcidin expression
and vice versa Zn supplementation may downregulate hepcidin
production following by increased Fe absorption [121].

Finally, the competition studies using Caco-2 cells indicated that
incubation of cells with the increasing doses of Zn (0.5-100 pM
ZnS04) significantly affected Fe uptake [122]. Another study
demonstrated a dose-dependent inhibition of Fe absorption by Zn
(incubation with 50 wM 63Zn for 2 h) in Caco-2 cell line. At the same
time, Fe marginally increased Zn intake into the cells [123].

4.2. Studies in experimental animals

Animal experiments also provide additional data on the associ-
ation between Zn and Fe metabolism (Table 6). A detailed study by
Kelleher and Lonnerdal indicate that the effect of Zn supplementa-
tion in suckling rat is age-dependent. In particular, in early infancy
(10th postnatal day) Zn supplementation significantly increased
DMT1, hephaestin, and hepcidin mRNA levels. In contrast, at the
20th postnatal day, Zn supplementation significantly decreased
hephaestin and hepcidin mRNA levels [ 124]. Simultaneous admin-
istration of Zn and Fe in Fe-deficient rats effectively increased
serum Fe, and hippocampal ferritin content [125].

Previous data indicate that rats exposed to dietary Fe deficiency
were characterized by low blood Zn content [126]. It has also been
demonstrated that dietary Fe deficiency is associated with signif-
icantly lower liver Zn content and 50% higher Zip14 mRNA levels
[127]. Oppositely, dietary Fe overload resulted in increased liver Zn
content and Zip5 expression along with depressed Zip6, Zip7, Zip10
expression [127]. Moreover, long-term intake of high Zn diet was
associated with Fe deficiency anemia in rats [128]. Another exper-
iment demonstrated a higher rate of Fe retention in offspring of
dams fed aZn-deficient diet [ 129]. Oppositely, the results of another
experimental study indicate that Zn absorption is not affected
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Table 6
The interplay between zinc (Zn) and iron (Fe) in laboratory rats.

Objects Conditions Factors Effects References
Rats Fe-adequate + 750 g Zn as ZnSO4 | Whole body Fe retention [124]
10d 4 Intestine Fe retention

4+ DMT1 mRNA

1 hephaestin mRNA

1 hepcidin mRNA
Rats Fe-adequate +750 g Zn as ZnSO4 | Muscle Fe [124]
20d | hephaestin mRNA

| hepcidin mRNA
Rats Fe-deficiency +2Zn (12 mg added/kg) 4 serum Fe * [125]
19-20d + Fe (245 mg/kg diet) 4 hippocampal ferritin *

* as compared to Fe only
Rats Fe deficiency Fe deficiency |blood Zn [126]

< tissue Zn
Rats Fe deficiency Fe deficiency | liver Zn content [127]
21d 4 Zip14 mRNA
Rats Fe overload dietary Fe overload 4 liver Zn content [127]
21d 4 Zip5 mRNA

| Zip6

| Zip7

1 Zip10
Rats Fe-adequate high Zn diet (0.2% Zn) | serum Zn [128]
6w | Hb

| Ht

1 MCV

| MCH

| MCHC

1 Reticulocytes
Rats Fe adequate Zn-deficiency 1 Fe retention [129]
Rats Fe deficiency Fe deficiency < Zn absorption [130]
Rats Fe deficiency Perfusion with Fe | Zn absorption [130]

Fe-adequate

1 - significant increase; | - significant decrease; <> — no significant changes; DMT1-divalent metal transporter; Hb - hemoglobin; MCH - mean corpuscular hemoglobin;
MCHC - mean corpuscular hemoglobin concentration; MCV - mean corpuscular volume; Ht - hematocrit.

significantly in Fe-deficient rats [130]. Finally, it has been noted
that Zn deficiency results in decreased plasma erythropoietin con-
centrationinrats [131,132], and thus may have a significant impact
on the development of Fe deficiency anemia.

4.3. Human studies

Human data on the interplay between Fe and Zn, especially
regarding Fe-deficiency and Fe supplementation, are contradictory
(Tables 7-9 ). Children with Fe-deficiency anemia were character-
ized by significantly lowered Zn values of serum [133] and hair
[134] as compared to the healthy controls, whereas no significant
changes in whole blood Zn levels were observed in children with
Fe deficiency [135,136].

A randomized, placebo-controlled, double-blind trial involving
Peruvian children with Fe-deficiency anemia indicated a signifi-
cant effect of the addition of Zn to Fe supplementation on indices
of Fe status as well as on duration of diarrhea [137]. Correspond-
ingly, treatment of Fe deficiency with a combination of Fe, Zn, and
vitamin A was more effective than administration of Fe alone or
a combination of Fe and vitamin A [138]. Simultaneous treatment
of Fe-deficient pregnant women with a combination of Fe and Zn
significantly improved hematological parameters and Fe status,
whereas administration of Fe alone did not possess a comparable
effect [139]. However, simultaneous supplementation of pregnant
Peruvian women with Fe and Zn had a lower effect on serum Fe
and ferritin than obtained with Fe alone. Moreover, women treated
with Fe were characterized by lowered serum Zn levels compared
to controls [140]. A negative influence of prenatal Fe supplementa-
tion on serum Zn was confirmed by the same group of researchers
[141]. Some of these observations in pregnant women have also
been reproduced in lactating women. In particular, supplementa-
tion with 60 mg ferrous sulfate at 7-9 wk of lactation resulted in

lower fractional Zn absorption as compared to the control values
[142].Iron supplementation has been shown to decrease Zn absorp-
tionin a dose-dependent manner in ileostomy patients [143]. These
data are in agreement with the results of the earlier study by
Crofton et al. who reported that Zn supplementation could impair
Fe absorption [144]. It has also been reported that a fivefold excess
of Zn to Fe decreased Fe absorption from an aqueous solution but
not from a hamburger meal [145].

An early study demonstrated that Fe fortification at the cur-
rently used fortification levels of weaning cereal, wheat bread, and
infant formula did not have a significant negative impact on Zn
absorption [146]. Similar data were obtained during the investi-
gation of the effect of consumption of Fe-fortified food in infants
[147].Sodium-Fe-EDTA as a food fortificant for bread did not signif-
icantly influence the Zn retention [148]. Furthermore, a 3-months
Fe treatment (30 mg/kg/day as ferrous sulfate before meal) in 1-
year old infants did not alter serum Zn levels [149]. No significant
effect of prior Fe supplementation was observed on Zn absorption
in breastfed infants [ 150]. An examination of pregnant women from
16 weeks of gestation to term demonstrated that Fe supplementa-
tion did not affect fractional Zn absorption and exchangeable Zn
pool [151]. Moreover, two months of supplementation with 20 mg
of ZnSO4 between meals in non-anemic adult Chilean women did
not have a significant effect on Fe absorption and Fe status [152].

Multiple studies have demonstrated that the Zn-to-Fe (or vice
versa) molar ratio in the diet is crucial for the character of inter-
action between Fe and Zn during absorption. It has been shown
that high doses of Zn even at a molar ratio of 1:1 inhibited Fe
bioavailability by 56% [153]. Correspondingly, Zn supplementation
in a molar ratio 20:1 Zn to Fe simultaneously with Fe significantly
depressed Fe absorption. However, no such effect was observed
when Zn was administered 30 or 60 min before Fe [154]. In turn,
previous human experiment indicated that administration of Zn
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Table 7
Interaction between zinc (Zn) and iron (Fe) status in human children.
Objects Conditions Factors Effects References
Infants Fe-adequate Fe-fortified meals < Zn absorption [147]
9 mo
Infants Fe-adequate + Sodium-Fe-EDTA fortified <> Zn absorption * [148]
18-27 wk products * as compared to FeSO4
Breastfed infants Fe adequate +1mg/kg/day Fe < Zn absorption [150]
1-year old Fe adequate +30mg/day Fe as FeSO4 < serum Zn [149]
Children Fe-deficiency anemia Fe-deficiency anemia | serum Zn [133]
Children Fe-deficiency anemia Fe-deficiency anemia | serum Zn [134]
1-4 yo | hair Zn
Children Fe-deficiency anemia Fe-deficiency anemia <> serum Zn [135]
~7yo Fe deficiency < serum Zn
Children Fe-deficiency anemia Fe-deficiency anemia < serum Zn [136]
~76yo
Children Fe deficiency anemia +4mg/kg/d FeSO4 < serumZn * [187]
6 mo — 6 yo +5mg/d oral ZnSO4 < ferritin *
< blood count *
*as compared to Fe only
Children Fe deficiency +0.7 mg/kg/day Zn +Hb* [137]
6-35 mo +3 mg/kg/day Fe 1 ferritin *
| diarrhea *
* as compared to Fe only
1 - significant increase; | - significant decrease; <> - no significant changes; Hb - hemoglobin.
Table 8
Interaction between zinc (Zn) and iron (Fe) status in human adults.
Objects Conditions Factors Effects References
Ileostomy patients Fe-adequate +100/400 mg Fe as Fe | Zn absorption [143]
55yo gluconate (dose-dependent)
Male volunteers Fe-adequate + 842 pumol Fe < plasma Fe * [144]
26-46y + 344 pmol Zn *as compared to Fe only
Male volunteers Fe-adequate +421 pmol Fe | plasma Fe * [144]
26-46y +421/1048 pmol Zn * as compared to Fe only
Volunteers Fe-adequate +15/45mg Zn | Fe absorption [145]
19-50 yo + 3 mg Fe (solution)
Volunteers Fe-adequate +15/45mg Zn < Fe absorption [145]
19-50 yo + 3 mg Fe (meal)
Volunteers Fe-adequate Fe fortification: 200 or 500 mg <> Zn absorption [146]

Fe/kg (weaning cereal), 65 mg
Fe/kg (white wheat flour) and
12 mg Fe/l (infant formula)

1 - significant increase; | - significant decrease; <> - no significant changes; Hb - hemoglobin.

sulfate and Fe sulfate in a ratio of 1:1 slightly inhibited Zn absorp-
tion, whereas Fe/Zn ratio of 2:1 and 3:1 possessed more expressed
effect on Zn absorption [155]. The importance of Zn/Fe ratio for
metal interaction during their absorption has been recently demon-
strated in perfused jejunal loops. In particular, Fe did not inhibit
Zn absorption at Fe:Zn ratio below 2:1 in non-Fe-deficient rats,
whereas at higher ratios a significant decrease was observed. Oppo-
sitely, in Fe-deficient rats at Fe/Zn ratio of 2:1 no alteration of Zn
absorption was found [156].

In sum, the quoted data indicate that depending on a number
of factors Zn may increase or decrease Fe absorption and retention
and vice versa. Generally, the in vivo studies involving laboratory
animals and humans demonstrating a mutual positive interaction
between Zn and Fe are in agreement with in vitro studies on cell cul-
tures. In particular, the mechanisms of such interaction may involve
Zn-induced modulation of hepcidin and IRE/IRP signaling, result-
ing in upregulation of DMT1 and Fpn expression and subsequent
increase in Fe absorption. However, certain supplementation stud-
ies have revealed a negative interaction between Fe and Zn. These
findings are also supported by in vitro investigations demonstrat-
ing possible up-regulation of hepcidin by Zn treatment ultimately
leading to decreased Fe absorption and iron sequestration. In turn,
increased iron uptake was shown to differentially affect the level
of zinc transporters, resulting in impaired Zn handling. Therefore,
both in vivo and in vitro studies demonstrate that the mechanisms

mediating Fe-Zn interaction are strongly dependent on the level of
metals and their ratios. In addition to modulation of Fe absorption,
other mechanisms may also link Zn deficiency or excess to anemia
[157].

5. Interactions between iron and chromium

Chromium occurs in two oxidation states Cr (III) and Cr (VI)
which are considered as biologically and environmentally relevant
[158]. Cr (IlI) is the most stable form in biological systems and
is regarded as an essential nutrient that influences carbohydrate,
lipid, and protein metabolism by enhancing insulin action. Multi-
mineral tablets may contain up to 50 g Cr, in the trivalent form.
Trivalent Cr exhibits low toxicity in animals, which may result from
its poor transport across cellular membranes. In contrast, Cr(VI) is
very toxic and has a high ability to enter cells, inducing a wide
variety of injuries such as DNA damage, chromosomal aberrations,
alterations in the epigenome, and microsatellite instability [159].
Symptoms of Cr deficiency is mainly related to its role in the glucose
metabolism and include glucose intolerance, increased circulat-
ing glucose and insulin, and may be complicated by neuropathy
[158,160].

Chromium is present in the diet in both its inorganic form and
in the form of organic complexes. The absorption of Cr is low,
ranging between 0.4 and 3.0% and the bioavailability of Cr from
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Table 9
Interaction between zinc (Zn) and iron (Fe) status in women.
Objects Conditions Factors Effects References
Women Fe deficiency anemia 60 mg/day Fe +Hb* [138]
15-45 years +15mg/day Zn * as compared to Fe only or
+200000 IU vitamin A Fe +vitamin A
Pregnant women 20-38 yo Fe deficiency + Fe citrate 100 mg/day 4+ Hb* [139]
(~21 wk gestation) + mg/day 4+ RBC*
B-alanyl-L-histidinate Zn 4+ Ht*
1 Reticulocytes *
+ TIBC *
* as compared to initial values
Pregnant women (18 — 35y) Fe-adequate + 60 mg/day Fe as FeSO4 4 ferritin * [140]
30-36 wk gestation +250 mg folate * as compared to controls
+15mg Zn as ZnSO4 | serum iron *
* as compared to Fe only
Pregnant women (18 — 35y) Fe-adequate + 60 mg/day Fe as FeSO4 | Zn absorption * [141]
30-36 wk gestation + 250 mg folate * as compared to Fe only and
+15mg Zn as ZnSO4 control values
Lactating women (7-9 wk Fe-adequate < serumZn * [142]
lactation) ~33 yo +60 mg/day Fe as FeSO4 | fractional Zn absorption *
* as compared to no-Fe values
Pregnant women (16 wk Fe-adequate + 100 mg/day Fe as Fe < plasma Zn [151]
gestation) gluconate < exchangeable Zn pool
18-40yo < urinary Zn excretion
< Zn absorption
Women Fe-adequate +20mg/day Zn as ZnSO4 < serum Fe * [152]
35-45yo < ferritin *
<« TIBC*
< body Fe *

< blood count *
* as compared to placebo

4 - significant increase; | - significant decrease; < - no significant changes; Hb - hemoglobin; Ht — hematocrit; RBC - red blood cells.

organic complexes is higher than from its inorganic form [161,162].
Chromium is absorbed in the intestinal mucosa. Absorbed Cr is
transported to tissues bound to transferrin and to a lesser extent
to albumin. Transferrin possesses two binding sites with different
affinities for Fe as a function of pH. It has been shown that Cr binds
exclusively to one of these sites [ 158,162 ]. The antagonism between
Cr and Fe in binding to transferrin might cause the increase in
hematological parameters (Hb, hematocrit, erythrocytes and mean
erythrocyte volume) reported in Cr deficiency [161].

5.1. Studies in cell lines and experimental animals

In vitro studies have shown that Cr reduces Fe binding to trans-
ferrin [163]. In animal studies, it was found that high doses of Cr
(1 mg/kg/day for 45 days) significantly reduced transferrin satu-
ration by Fe, depleted tissue Fe storage, and decreased Hb [164].
Because Cr inhibits Fe binding to transferrin, it is suggested that
Cr supplements intake can impair Fe transport and utilization also
in human. In some studies in adults supplemented with Cr picol-
inate reported 20-30% decreases in serum ferritin concentrations
[165,166]. Chromium supplementation decreased Fe concentration
in serum, liver, and bone in mice with polycystic ovary syndrome
[167].

In contrast, in other experiments, no changes in iron tissue con-
tent were observed in rats after Cr supplementation [168-170].
Some investigators found that Cr supplementation had no effect
on Fe balance in buffalo calves or rainbow trout [171,172]. Antago-
nism between Fe and Cr in diabetes was also observed in the animal
studies. Krél and Krejpcio found increased Fe concentration in the
liver of rats with STZ induced diabetes as compared to the control
group. Unexpectedly, this elevated Fe level in liver was reduced
by Cr propionate supplementation (dietary 10 or 50 mg/kg of Cr
propionate for five weeks) [173]. Accordingly, a previous study of
our group demonstrated a significant decrease in adipose tissue Cr
content in animals fed Fe sulfate [174].

However, some results indicated that Fe deficiency anemia is
associated with decreased level of Cr in the body which may sug-
gest synergism between Cr and Fe in the condition of Fe deficiency
[175]. However, results of several studies are not consistent with
this observation.

5.2. Summary of observations in humans

Randomized controlled studies did not find any significant influ-
ence of Cr supplementation (200 and 924 g per day) on Fe status
in women or men [163,176].

However, a decrease in Cr concentration in patients with type
2 diabetes may be associated with increased Fe levels, although
other studies did not confirm these results [160,177].Itis suggested
that many factors (e.g., nutritional status, diseases, subjects, diet)
may influence the Cr-Fe interactions in the organism. However, it is
apparent that the interactions between Fe and Cr, e.g., in the cases
of siderosis with diabetes, is yet not fully understood.

Therefore, both experimental and clinical studies demonstrate
that interaction between Cr and Fe may take place in the organism.
However, the particular character of such interaction as well as the
underlying mechanisms are still unclear. Additional in vitro and in
vivo studies are required to characterize the biological interaction
between Fe and Cr under various exposure regimens and metal
ratios.

6. Iron overload, selenium, and antioxidants

Before multimineral supplementation with Fe is prescribed it is
crucial to assess indices of Fe homeostasis since the asthenia of Fe
overload in some cases has been interpreted as a symptom of Fe
deficiency [178]. Iron overload may be due to increased Fe absorp-
tion as in primary hemochromatosis, or it may be secondary to blood
transfusions or inappropriate ingestion of Fe. The autosomal reces-
sive disease known as primary hemochromatosis is more common
than previously thought, and the first symptom is often patient
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weakness. Hereditary hemochromatosis is particularly prevalent
in Northern Europe and is rare in Africa and Asia. The disease is
related to a gene mutation on the short arm of chromosome 6
(the HFE gene, which is linked to the HLA locus), in Europe often
the C282Y mutation [179]. The allele frequency, i.e. the occurrence
of the C282Y mutation in the population, is highest in Ireland, by
9.7%, while other European countries have allele frequencies in the
range of 1-4% [180]. Patients with this disease are treated by fre-
quent phlebotomy and avoidance of medical Fe-intake. Secondary
hemochromatosis or siderosis may happen secondary to prolonged
ingestion of medicinal Fe or Fe-rich food combined with sour beer
brewed in iron kettles [181]. Siderosis is also a complication of
anemias due to genetically 5deranged erythropoiesis requiring fre-
quent blood transfusions, e.g. the thalassaemias. Hemochromatosis
usually requires specialized chelation therapy [182] to avoid com-
plications such as siderosis resulting e.g. in cardiomyopathy.

The oxidative stress accompanying the massive Fe accumulation
in siderosis is considered to be a causative factor in the develop-
ment of complications such as cardiomyopathy and liver cancer
[182-184]. Although several transition metals react with physio-
logical occurrences of H,O, to form the extremely toxic hydroxyl
radical HO-, most attention has been paid to the role of Fe excesses
and the Fenton reaction in vivo [185]:

Fe(Il) + Hy0, -> HO® + Fe(Ill)

Hydrogen peroxide, as well as superoxide radicals, are continu-
ously formed under non-pathological conditions in aerobic cells.
However, under physiological conditions, the concentrations of
these reactive oxygen species (ROS) are kept extremely low due to
the activity of antioxidative enzyme systems including the super-
oxide dismutases (Cu,Zn-SOD, and Mn-SOD) and the glutathione
peroxidases (GPx), the latter enzyme containing Se. Thus, an ade-
quate daily intake of Se protects against deleterious effects of ROS,
e.g., oxygen radicals resulting from Fe deposits. A multimineral
tablet usually contains about 50 g Se, in addition to adequate
amounts of the antioxidative components vitamin C (ascorbate)
and vitamin E. Here, it should be noted that ferric complexes, e.g.
like Fe-transferrin, react very slowly with H,O0, compared to fer-
rous forms of Fe. Reducing agents can thereby stimulate the Fenton
reaction. This may occur with simultaneous overdosing with ascor-
bate and Fe:

Fe(Ill) + ascorbate -> Fe(Il) + semidehydroascorbate

Hence, whereas vitamin C in reasonable doses acts as an antiox-
idant, the same vitamin in megadoses (>1000 mg/day) may be
harmful by acting as a prooxidant, especially in subjects with Fe
overload [186].

7. Perspectives

The existing data demonstrate multiple forms of interactions
between Fe and Mn, Zn, Cr, and also with antioxidants and Se. Previ-
ous reviews have given extensive discussions on Fe-Cu-interactions
[29]. These interactions may have a significant impact on Fe status
in the case of Fe deficiency. Therefore, while managing hypo-
ferremia and Fe-deficiency anemia, it seems recommendable to
assess the status of other trace elements such as Cu, Mn, Zn and
Se in parallel with indices of Fe homeostasis. We suppose that
simultaneous adequate correction of complete trace element sta-
tus in Fe deficiency may help to alleviate the condition of the
patient. Furthermore, it is important to monitor the effect of sup-
plementation to avoid Fe excess. A personalized approach to the
assessment of trace elements status in Fe deficiency and its cor-
rection may significantly improve Fe homeostasis more efficiently
than supplementation with Fe alone. Admittedly, this can only be

recommended for affluent countries. At the same time, further
studies are required to investigate additional mechanisms of inter-
action between Fe and other essential trace elements.
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