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Abstract
The essential and naturally occurring transition metal manganese (Mn) is present in the soil, water, air, and various foods. 
Manganese can accumulate in the brain if the Mn intake or exposure is excessive and this can result in neurotoxic effects. 
Manganese is important for the proper activation of different metabolic and antioxidant enzymes. There are numerous Mn 
importers and exporters. However, the exact transport mechanism for Mn is not fully understood. On the other hand, iron (Fe) 
is another well-known essential metal, which has redox activity in addition to chemical characteristics resembling those of 
Mn. Existing data show that interactions occur between Fe and Mn due to certain similarities regarding their mechanisms of 
the absorption and the transport. It has been disclosed that Mn-specific transporters, together with Fe transporters, regulate 
the Mn distribution in the brain and other peripheral tissues. In PC12 cells, a significant increase of transferrin receptor (TfR) 
mRNA expression was linked to Mn exposure and accompanied by elevated Fe uptake. In both humans and animals, there 
is a strong relationship between Fe and Mn metabolism. In the present review, special attention is paid to the interaction 
between Mn and Fe. In particular, Fe and Mn distribution, as well as the potential molecular mechanisms of Mn-induced 
neurotoxicity in cases of Fe deficiency, are discussed.
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Introduction

An amount of about 12–20 mg of the trace element man-
ganese (Mn) in an average human body (70 kg) is essential 
for the normal metabolism of carbohydrates, lipids, and 
proteins, since it is a cofactor in some enzymes (Aschner 
and Aschner 2005; Aschner et al. 1999; Dion et al. 2018; 

Rodrigues et al. 2018; Zoroddu et al. 2019). The most abun-
dant of these in the human body is glutamine synthetase, 
which has a key role in brain function (Chen et al. 2018; 
Zoroddu et al. 2019). Mn also has an important role in physi-
ological and developmental processes such as antioxidant 
defense, immunity, blood sugar, energy homeostasis, and 
also growth and reproduction (Avila et al. 2013). Though 
Mn is crucial for the proper functioning of numerous meta-
bolic and antioxidant enzymes, excessive Mn exposure or 
intake is accompanied by accumulation in the brain, which 
can cause neurotoxicity (Crossgrove and Yokel 2004). For 
non-occupational exposed individuals, the main exposure 
route of Mn is ingestion (Bjørklund et al. 2017b). Differ-
ent types of food, legumes, seafood, nuts, tea, spices, and 
plant-derived beverages are the major dietary sources of 
Mn. Although overt Mn deficiency diseases seem to be 
very rare in humans, deficiency states have been associated 
with symptoms like poor bone formation, weight loss, and 
reduced fertility (Aschner and Aschner 2005). Symptoms 
of neurotoxicity attributed to excessive Mn exposure have 
raised great concern in public health (Crossgrove and Yokel 
2004; de Water et al. 2018). The risk of nutritional expo-
sure to excess of Mn is mainly related to certain unhealthy 
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conditions such as people suffering from liver failure, 
hepatic encephalopathy, or newborns receiving total intrave-
nous parenteral nutrition supplemented with Mn (Peres et al. 
2016). In these conditions, the accumulation of Mn is due to 
the limited excretion through the biliary system or the failure 
of the gastrointestinal control of Mn absorption, respectively. 
Moreover, patients with iron deficiency anemia are at risk 
for increased Mn uptake, since the Fe deficiency increases 
the expression of the metal importers/transporters that are 
common between the two metal ions (Chen et al. 2015).

Signs of neurological Mn toxicity include stuttering, 
progressive bradykinesia, gait disturbance, hallucinations, 
tremors, and dystonia (Bjørklund et al. 2017b). Chronic 
Mn encephalopathy (manganism) was originally described 
among workers involved in grinding of Mn ores. These 
workers were seen with characteristic symptoms of gait dis-
turbances, cognitive and motor deficiencies, hallucinations, 
and tremors (Mena et al. 1967). Also, children who were 
exposed to Mn concentrations above 0.24 mg/L in drink-
ing water showed changed functions in school and reduced 
results on neurobehavioral tests (Zhang et al. 1995). A clini-
cal sign of manganism is the high levels of Mn in the glo-
bus pallidus and striatum neurons, as shown by T1-weighted 
MRI analysis (Aschner et al. 2015). The build-up of Mn in 
this area induces a series of effects, in particular, oxidative 
damage caused by the increased expression of ROS mol-
ecules and alterations in metabolism and synthesis of differ-
ent important neurotransmitters, such as glutamate, GABA, 
and dopamine (Kim et al. 2015). Genetic factors are also 
important in Mn toxicity and Parkinson’s disease, as well 
(Chen et al. 2014). In particular, mutations in Parkin, and 
ATP13A2 (Park9) genes, that are associated with Mn efflux 
activity, have been correlated with its toxicity (Gitler et al. 
2009; Peres et al. 2016; Remelli et al. 2016). Also, mutations 
in the Mn transporter gene SLC30A10 have been reported to 
induce a genetic Mn overload syndrome such as parkinson-
ism and dystonia. The evidence that the deregulation of this 
protein is the only genetic factor associated with hereditary 
Mn-induced parkinsonism highlighted the importance of the 
Mn efflux mechanism in homeostasis and detoxification of 
Mn(II). Iron (Fe), another transition element, is essential 
for most living organisms on the earth, including humans 
(Fitsanakis et al. 2010; Zoroddu et al. 2019). About 5 g of 
Fe is found in the average human body, and its role is crucial 
for the proper functioning of several cellular mechanisms 
(Zoroddu et al. 2019). This includes DNA synthesis, enzy-
matic processes, and generation of mitochondrial energy. 
Iron shares many similar chemical and biochemical proper-
ties with Mn. Because of their close similarities, the interac-
tion of Fe and Mn is seen in numerous physiological pro-
cesses (Roth and Garrick 2003; Ye et al. 2017). Iron and Mn 
are cofactors for several metalloenzymes that play essential 
roles in neurochemistry and antioxidant defense in the brain. 

Due to their similar chemical, biochemical, and structural 
properties, it is possible if one the metal is in excess, it can 
impact the other metal’s physiological functions.

The present review aims to give an update on Fe–Mn 
interactions as regards their shared absorption and distribu-
tion. Also, we discuss their toxicological interactions, aim-
ing at highlighting mechanisms involved in Mn-induced 
neurotoxicity.

Divalent metal transporter DMT1: 
absorption and distribution of iron 
and manganese

Innovative studies on DMT-1 (initially known as DCT-1, 
divalent cation transporter-1 and NRAMP 2, natural resist-
ance-associated macrophage protein 2) in metal transport 
revealed this protein is actively involved in the transport of 
a broad spectrum of divalent cations, including Mn(II) (Gun-
shin et al. 1997). Moreover, it is thought that the affinity of 
DMT1 to Fe(II) is lower than that of Mn(II) (Garrick and 
Dolan 2002; Garrick et al. 2006). Experimental study on 
HEK293T transfected with pMT2–DMT1 expression plas-
mid revealed competition between Fe and Mn for binding 
to the transporter and intracellular incorporation (Garrick 
and Dolan 2002). Correspondingly, a significant decrease 
of acid-stimulated Fe uptake by DMT1 was observed in 
500 µM Mn-treated Caco2 cells (Bannon et al. 2003).

Moreover, 100 µM Mn exposure also resulted in upreg-
ulated expression of DMT1 in choroidal epithelia of the 
blood–cerebrospinal fluid barrier (Wang et al. 2006). The 
involvement and potential function of DMT1 in the trans-
port of Mn over the blood–brain barrier (BBB) have been 
discussed (Au et al. 2008). DMT1 expression in the nasal 
epithelium provides a route for direct absorption of met-
als into the brain (Fitsanakis et al. 2007). Moreover, DMT1 
expression in the brain enhances with age, increasing the 
susceptibility to metal-induced neuropathology (Ke et al. 
2005). Concurrently, an investigation on the A549 cell line 
revealed that DMT1 in pulmonary cells is not the main Mn 
transporter (Heilig et al. 2006). Other manganese import-
ers such as ZIP8 (SLC39A8) and ZIP14 (SLC39A14), the 
latter also being a Fe(II) binder, are important regulators 
for the Mn absorption through the liver and lung. As in the 
case of DMT1, the expression of these transporters in the 
nasal respiratory epithelium allows the inhaled Mn nano-
particles (dust and fumes) to be absorbed directly into the 
brain (Genter et al. 2009; Zoroddu et al. 2014). The levels 
of ferroportin (Fpn), a well-known Fe exporter, have been 
found to be significantly increased in enterocyte basolat-
eral membranes due to Mn exposure. In a metal overload 
condition, Fpn act as a Mn transporter. A study of Xeno-
pus laevis oocytes showed that the Mn export was mediated 
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and partially inhibited by Fpn in Fe treatments (Madejczyk 
and Ballatori 2012; Yin et al. 2010). Research on Xenopus 
oocytes showed that Fpn stimulated Mn efflux (Madejczyk 
and Ballatori 2012; Mitchell et al. 2013). However, it was 
not found that hepcidin, which plays a crucial role in Fe 
homeostasis regulation, inhibited the efflux of Mn (Mitch-
ell et al. 2013). It is noteworthy that Mn treatment had no 
impact on the gene expression of Fpn in J774 cells (Park and 
Chung 2008; Park et al. 2013). Many studies have been per-
formed in rodents to determine how DMT1 is related to the 
tissue transport of Mn. Several studies that used developing 
rats showed enhanced expression of DMT1 in the brains of 
newborns due to Mn exposure via milk (Garcia et al. 2006). 
In Fe-deficient condition, DMT1-mediated uptake of Mn 
by olfactory epithelium can also be upregulated. DMT1 has 
been found to be essential for Fe transport, however, not 
for the transport of Mn in a mouse model having intestinal 
DMT1 deficiency. In principle, these findings are in accord-
ance with previous indications that Mn transport over the 
BBB is not only mediated by DMT1 (Pivina et al. 2019).

Consequently, research indicates that DMT1 plays an 
insignificant role in the interactions in vivo between Fe and 
Mn (Aisen et al. 1969). The reduced Mn metabolism in mice 
with Fpn deficiency demonstrated the involvement of Fpn 
also in manganese transport (Gkouvatsos et al. 2012). Inter-
estingly, this researcher group revealed enhanced absorption 
of Mn in HFE-deficient mice, whereas a significant differ-
ence was not found in the distribution in tissues of Mn after 
metal installation or injection. Another important investi-
gation of HFE−/− in mice found increased expression of 
Fpn in mitochondria of the liver, which had a significantly 
lower concentration of Mn and a higher Fe level compared 
to wild-type controls (Parkkila et al. 2001). In a rat model 
with increased DMT1 expression, Mn-induced parkinsonism 
was linked to Mn exposure and reduced Fpn1 expression in 
the substantia nigra, which caused Fe overload (DeWitt et al. 
2013; Pang et al. 2015; Peres et al. 2019; Sarkar et al. 2019).

Iron and manganese delivery system

Manganese can form a specific complex with transferrin 
(Tf), which is crucial in the Fe delivery system (Fig. 1) 
(Aisen et al. 1969; Gkouvatsos et al. 2012). Later studies 
established that Mn binds to the Fe-binding sites of Tf 
molecules and that the oxidation state of Mn determines 
the metal affinity of Mn to endogenous ligands (Harris and 
Chen 1994; Vincent and Love 2012). Other research has 
shown that the Tf mechanism of the Mn3+ transportation to 
the target cells is similar to Fe3+ transportation, although 
the transport rate of the Mn–Tf complex was slower than 
that for other Mn transport mechanisms (Aschner et al. 

1999; Gunter et al. 2013). Furthermore, Mn2+ oxidizes 
to Mn3+ before interacting with Tf (Critchfield and Keen 
1992). It is noteworthy that the findings of in vitro research 
show that ceruloplasmin presumably may participate in the 
Mn-binding to apo-transferrin (apoTf) through oxidation 
of the bivalent cation (Fig. 2) (Moshtaghi et al. 1997).

Earlier studies had demonstrated that Mn might act as 
a substrate for multicopper oxidases (Hellman and Gitlin 
2002). Interestingly, significantly increased expression of 
transferrin receptor (TfR) mRNA in Mn-exposed PC12 
cells has been demonstrated, and this effect was accom-
panied by elevated Fe uptake. However, no similar effect 
was observed in astrocytes (Zheng and Zhao 2001). These 
findings match well with the later studies indicating a 
significant elevation of the cellular concentration of TfR 
proteins and elevated levels of TfR mRNA in choroidal 
epithelial cells after Mn exposure (Li et al. 2005). Earlier 
data indicate that TfR on human neuroblastoma SHSY5Y 
cells may internalize and bind Mn–Tf complex to the same 
effect as Fe–Tf complex (Suárez and Eriksson 1993). It is 
interesting that lactoferrin also complexes Mn, and this 
lactoferrin-bound Mn was taken up by intestinal brush bor-
der membrane vesicles by a receptor-mediated mechanism. 
However, this complex has a lower affinity for the receptor 
than that for the Fe–lactoferrin complex (Fe–Lf) (Bo et al. 
2019; Davidsson et al. 1989). Also, Mn interferes with 
the mechanisms of Fe transport, through the system of 
iron regulatory proteins (IRP) that regulate Fe metabolism 
(Pantopoulos 2004). Particularly, it has been established in 
incubated PC12 cells that moderate Mn exposure results in 
decreased IRP binding activity, while high Mn exposure 
results in increased IRP binding (Kwik-Uribe et al. 2003). 
A later study disclosed that dynamics of IRP-1 binding 
altered in Mn-exposed PC12 cells as well as the abundance 
of IRP-2 intracellularly (Kwik‐Uribe and Smith 2006). 
The altered homeostasis of Fe induced by Mn in GABAe-
rgic AF5 cells seems to mainly occur due to IRP2 modula-
tion, and in a minor degree, to IRP1 (Crooks et al. 2007). 
Similar to Fe, Mn has in IRP1 a high affinity to the fourth 
labile position of the Fe–S cluster (Oshiro et al. 2002). 
Research has shown that Mn decreases amyloid precursor 
protein (APP) and heavy-chain ferritin (H-ferritin) protein 
translation by increasing the binding of IRP1 to the iron-
responsive elements (IRE) on the 5′-untranslated regions 
of their mRNA transcripts (Venkataramani et al. 2018). 
In younger individuals, APP expression is not associated 
with amyloidosis. Instead, it acts solely as a neuropro-
tectant while facilitating cellular ferroportin-dependent 
iron efflux. Therefore, translational blockage of APP and 
H-Ferritin results in the accumulation of toxic Fe(II) and 
the subsequent neurotoxicity due to the generation of ROS.
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Iron and manganese interaction in animals 
and human studies

In an in vitro study of cultured hepatocytes, it was shown that 
hepcidin levels increased due to Mn treatment. Considering 

how hepcidin impacts the homeostasis of Fe, the research-
ers suggested that exposure to Mn, particularly in Fe defi-
ciency, can intensify Fe deficiency (Bartnikas 2012; Chen 
et al. 2019). The findings from in vivo research, including 
laboratory animals, at least partially showed under in vitro 

Fig. 1   Non-heme iron transport across an intestinal enterocyte. Ferric 
iron (Fe) is reduced to the ferrous form by a luminal ferrireductase 
duodenal cytochrome b (DCYTB). Ferrous Fe is then transported into 
the enterocyte by divalent metal transporter-1 (DMT1), across the 
apical brush border. Within the enterocyte, Fe is either stored in fer-
ritin or exported out of the cell, in the bloodstream, across the baso-

lateral membrane by ferroportin (Fp). The hepcidin causes ferroportin 
internalization and degradation, decreasing iron efflux. Ferrous Fe 
is oxidized to its ferric form by the ferroxidase hephaestin aided by 
ceruloplasmin. Ferric Fe is then bound by serum transferrin in blood 
capillaries and transported to various sites in the body
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studies. Several investigations were performed on laboratory 
rodents to evaluate how DMT1 may impact the transport of 
Mn in different tissues. In Fe deficiency anemia state, the 
uptake via olfactory epithelium of Mn was also upregulated 
through the DMT1 mechanism (Thompson et al. 2007). 
DMT1 is not essential for Mn or Cu transport but was in a 
mouse model found essential for Fe transport with intestinal 
DMT1 deficiency (Chen et al. 2019; Thompson et al. 2006). 
These findings bear a resemblance to the earlier data that 

DMT1 does not facilitate the transport of Mn over the BBB 
(Crossgrove and Yokel 2004).

In Mn transport, Fpn involvement was also established 
due to impaired metabolism of Mn in mice with Fpn defi-
ciency (Gkouvatsos et al. 2012; Seo et al. 2016; Seo and 
Wessling-Resnick 2015). Interestingly, it was demon-
strated an enhancement of the absorption of Mn in mice 
with HFE deficiency, while no significant difference in the 
tissue Mn distribution after metal injection or installation 

Fig. 2   Cellular manganese and iron homeostasis in humans. Manga-
nese (Mn) and iron (Fe) share the same importers, such as divalent 
metal transporter-1 (DMT1) and zinc transporter 14 (ZIP14). The 
reduction of Fe3+ to Fe2+ requires the activity of iron reductases such 
as duodenal cytochrome B (DCYTB), stromal cell-derived receptor 2 
(SDR-2), and metalloreductase STEAP2. Secondarily Mn2+ can enter 
cells via zinc transporter 8 (ZIP8), glutamic acid ionotropic receptor 
(GLU R), dopamine transporter (DAT), (store-operated calcium chan-
nel (SOC Ca2+), voltage-gated Ca+2 channel (VG Ca2+), choline and 
citrate transporters. Fe3+ and Mn3+ import can occur via endocyto-
sis of the holo-transferrin–transferrin receptor 1 (Tf–TfR1) complex. 
In the endosome, ferric and manganic ions can be reduced by metal-
loreductase STEAP3 (STEAP3) and pumped out by DMT1 in ferrous 
and manganous form. Intracellular Fe in labile Fe pool (LIP) can be 

stored in ferritin, non-heme Fe enzymes, used for iron–sulfur (Fe–S), 
and heme protein biosynthesis, energy generation, and regulation of 
transcription via Fe-responsive element-binding proteins (IRP1/2). 
Mn2+ can interfere with the homeostasis of Fe2+, through the Fe 
regulatory protein (IRP) system that regulates Fe metabolism. Both 
Fe2+ and Mn2+ can generate an excess of reactive oxygen species 
(ROS). Export of Fe2+ occurs through ferroportin (Fp), often aided by 
hephaestin (Hp) and/or ceruloplasmin (Cp), and repressed by hepci-
din. Mn2+ efflux can occur via Fp and solute carrier family 30 mem-
ber 10 (SLC30A10), also present in endosomes. Protein as secretory 
pathway Ca2+-ATPases (SPCA1/2) and probable cation-transporting 
ATPase 13A2 (ATP13A2) play a role in storage, homeostasis and 
export of Mn2+
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was detected (Kim et al. 2013). However, another in vivo 
investigation on Hfe−/− mice found that mitochondria of 
the liver contain significantly lower concentrations of Mn 
and elevated Fe levels compared to the level of Mn and 
Fe in wild-type controls (Jouihan et al. 2008). Animal 
experiments using rodents also showed that Tf works as 
one of the main Mn carriers in plasma without regard to 
the route of Mn exposure (Chen et al. 2018; Davidson 
and Lonnerdal 1989; Erikson and Aschner 2019). Con-
sistently, numerous animal studies, which used hypotrans-
ferrinemic mice, demonstrated that normal Tf levels are 
essential for appropriate targeting of Mn and proper Mn 
distribution (Dickinson et al. 1996). Besides, in a study on 
mice, Mn–Tf appeared to be competing with Fe–Tf on the 
receptor binding sites of lactating mammary gland cells 
(Moutafchiev et al. 1998).

It has been detected that the rate at which Mn accumu-
lates in the liver increases the sensitivity for toxic Mn effects 
in rats with dietary Fe deficiency (Amos-Kroohs et al. 2017; 
Chandra and Shukla 1976). These findings correspond with 
the results that were achieved by Wessling-Resnick et al., 
who established that Fe deficiency increases pulmonary 
absorption of Mn, while excess Fe has the reverse effect 
(Heilig et al. 2006; Thompson et al. 2006). Interestingly, 
Fe supplementation by intravenous (IV) or intraperitoneal 
(IP) injection leads to an increment of Mn and Fe content 
in the spleen and liver of the experimental rat (Thompson 
et al. 2006; Vayenas et al. 1998). In one study, to simulate 
chronic Mn exposure in rats, the effects of 30 days intraperi-
toneal MnCl2 injections were evaluated. Compared to the 
controls, the plasma Fe levels in the injected rats decreased 
with 32%, and their Fe levels in cerebrospinal fluid increased 
three-fold (Zheng et al. 1999). In turn, chronic exposure to 
Mn through injection of MnCl2 (30 mg/kg/day) in rats led 
to a significant increase in the ileum and liver Fe content 
(Zaloglu et al. 2002). In contrast, a high-dose Fe treatment 
decreased the absorption of Mn, which was also demon-
strated in calves (Hansen et al. 2010).

Human studies have confirmed that interactions between 
Fe and Mn are tight, particularly in a Fe-deficient state. An 
investigation of Fe-deficient infants demonstrated a signifi-
cantly increased Mn level in the blood, while 1–6 months Fe 
supplementation therapy significantly ameliorated Fe status 
and declined the Mn concentration (Park et al. 2013). These 
findings are parallel to the earlier study results in the status 
of Mn in adults and children suffering from Fe deficiency 
anemia (Kim et al. 2005; Smith et al. 2013). Korean National 
Health and Nutritional Examination Survey (KNHANES) 
in 2008 showed that the groups with low ferritin had sig-
nificantly higher blood Mn concentrations, in both women 
and men, compared to groups with normal ferritin (Kim and 
Lee 2011). In the Nord-Trøndelag Health Study (HUNT 2), 
similar findings were found. In particular, elevated Mn blood 

levels were found in the low ferritin group (Meltzer et al. 
2010).

Also, serum ferritin has played a vital role and acts as 
one of the main determinants of the Mn levels in the blood 
(Meltzer et al. 2010). The findings of these experimental 
and observational studies match well with a published case 
of manganism in a 5-year-old girl with contemporaneous Fe 
deficiency (Brna et al. 2011; Henn et al. 2011). Research has 
shown that genetic variation in the genes associated with Fe 
metabolism may significantly modify the status of Mn via 
their impact on Mn absorption, excretion as well as distribu-
tion (Henn et al. 2011).

Supplementary data were obtained on the Mn–Fe interac-
tion in persons exposed to Mn at work. Particularly, in one 
study, it was shown that elevated levels of Mn in biosamples 
from welders were strongly related to lower Fe concentra-
tions in erythrocyte and plasma (Bjørklund et al. 2017a; 
Cowan et al. 2009). An investigation of 241 welders revealed 
Fe deficiency only in a few persons (Pesch et al. 2012). In 
this study, there was not a significant association between 
the serum levels of ferritin and Mn. However, in another 
investigation, it was found that serum Mn showed an inverse 
relationship with Tf levels (Lu et al. 2005). Similarly, work-
ers in Mn alloy production had lower levels of serum soluble 
TfR in comparison with unexposed controls, which indicate 
that exposure to Mn is strongly associated with higher intra-
cellular levels of Fe (Chen et al. 2019; Ellingsen et al. 2003).

Neurotoxicity of manganese

Manganese effects in human physiological processes depend 
on the routes of exposure, dose, age, the period of exposure, 
environmental factors, and nutritional state, and the line 
between Mn-dependent biology and toxicity is thus blurred 
(Pfalzer and Bowman 2017). Since Mn plays a key role in 
brain growth and development, children are more vulnerable 
than adults in a U-shaped relationship where both deficiency 
and excessive absorption can cause deleterious outcomes 
(Lucchini et al. 2017). It is well known that chronic exces-
sive Mn exposure can lead to various psychiatric, motor, 
and also cognitive disturbances. Early signs are usually of 
psychiatric nature (Nordberg et al. 2015). These include 
emotional instability, compulsive behavior, and in some 
cases, hallucinations. Neurological effects may be observed 
a few weeks after the initial symptoms. These may include 
bradykinesia, dystonia, disturbance of gait, and speech dif-
ficulties. The neurological presentation resembles Parkin-
son’s disease. On the cellular level, manganism is linked to 
increased Mn concentrations, especially in the subthalamic 
nuclei. And in contrast to idiopathic Parkinson’s disease, 
cases with Mn intoxication appear to have preserved nigros-
triatal signaling pathway.
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Furthermore, Lewy bodies are unusual to find in man-
ganism (Bjørklund et al. 2017b; Bjørklund et al. 2018). 
Classical manganism seems to only occur in the case of 
occupational Mn exposure to large amounts of Mn-rich 
dust (Avila et al. 2013; Flynn and Susi 2010; Zoroddu et al. 
2014). Manganese poisoning in humans may probably also 
be caused by overconsumption when Mn is used as a nutri-
tional supplement, but such overexposure is insufficiently 
described. However, it is reported in children that ingestion 
of ≥ 0.241 mg Mn/L drinking water for at least three years 
can lead to poor school performance as determined by mas-
tery in mathematics and their overall behavior in compari-
son to non-exposed children. Children who are exposed to 
Mn score more poorly than the controls on neurobehavioral 
tests (Menezes-Filho et al. 2011; Zhang et al. 1995). Other 
researchers have in children reported associations between 
decreased intelligence quotient (IQ) and Mn exposure from 
drinking water (Bouchard et al. 2010). In one study, the Mn 
content in drinking water was measured for 362 children 
(6–13 years old), who resided in an area where the drinking 
water gradient of Mn was specified. The model used in the 
study was adjusted for maternal intelligence, family income, 
as well as other confounders. A statistically significant link 
was found between IQ scores and the drinking water levels 
of Mn. The difference in IQ points was 6.2 between indi-
viduals who were exposed to low and high Mn levels in 
drinking water. The study concluded that elevated Mn in this 
cohort was closely linked to lower IQ scores and reduced 
achievement. However, the exposed children in the latter 
studies might have been exposed already during fetal life. 
Unfortunately, these reports did not include information on 
the Fe status of the children or their mothers.

Iron supplementation and manganese 
toxicity

Early investigations on healthy subjects not occupationally 
exposed to Mn have provided interesting data. Thus, iron 
supplementation as NaFe(III)EDTA did not cause significant 
changes in Mn absorption or urinary excretion in healthy 
adults (Davidson and Lonnerdal 1989). Correspondingly, 
modest Fe supplementation in healthy pregnant women 
did not affect the Mn status (Bjørklund et al. 2019; Flores-
Quijano et al. 2019). However, the Mn absorption rate in 
the healthy young females was highest in the women who 
had low concentrations of serum ferritin. It has also been 
found that persons with high levels of ferritin on a diet that 
is low in Mn have a maximum half-life of Mn. Interestingly, 
research has shown that non-heme and dietary heme Fe 
have a different effect on the status of Mn (Finley 1999). 
Increased intake of non-heme Fe has a particularly negative 
effect on Mn level in the bioindication substrates, while no 

similar effect was detected for heme Fe (Chen et al. 2019; 
Davis and Greger 1992). In one study, 15 mg Mn/day in 
healthy women did not affect the Fe status. However, exces-
sive Mn intake in a Fe-deficient condition may accelerate 
not only Fe deficiency but also the toxic potential of Mn 
(Erikson and Aschner 2019; Erikson et al. 2005).

Concluding remarks

Various types of food, such as legumes, nuts, tea, seafood, 
and plant-derived beverages, are considered as dietary 
sources of Mn. Deficiency of Mn can cause symptoms such 
as poor bone formation, reduced fertility, and weight loss. 
However, a more frequent condition appears to be precipi-
tated by excessive exposure to Mn, leading to manganism. 
Multiple regulatory systems manage Mn transport in the 
body, usually providing adequate adaptive homeostasis and 
physiological responses. Both Mn- and Fe-specific transport-
ers participate in the regulation of export and import of Mn. 
Modification of Fe status can induce changed expression of 
Fe transporters, which subsequently modifies Mn transport 
and Mn-related neurotoxicity. On the other hand, dietary 
Fe overload can increase the DMT1 expression, at least in 
animal studies, thereby inducing increased Mn uptake.

However, high levels of Fe in the diet usually help to 
reduce bioavailable Mn in duodenum and jejunum. In the 
future clinical and experimental evaluation of manganism, 
special attention should be paid to the interaction of Mn 
overexposure with Fe deficiency.
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