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a b s t r a c t

Manganese (Mn) is an essential trace element required for various biological processes. However, excess
Mn causes serious side effects in humans, including parkinsonism. Thus, elucidation of Mn homeostasis
at the systemic, cellular, and molecular levels is important. Many metal transporters and channels can be
involved in the transport and homeostasis of Mn, and an increasing body of evidence shows that several
zinc (Zn) transporters belonging to the ZIP and ZNT families, specifically, ZNT10, ZIP8, and ZIP14, play
pivotal roles in Mn metabolism. Mutations in the genes encoding these transporter proteins are asso-
ciated with congenital disorders related to dysregulated Mn homeostasis in humans. Moreover, single
nucleotide polymorphisms of ZIP8 are associated with multiple clinical phenotypes. In this review, we
discuss the recent literature on the structural and biochemical features of ZNT10, ZIP8, and ZIP14,
including transport mechanisms, regulation of expression, and pathophysiological functions. Because a
disturbance in Mn homeostasis is closely associated with a variety of phenotypes and risk of human
diseases, these transporters constitute a significant target for drug development. An understanding of the
roles of these key transporters in Mn metabolism should provide new insights into pharmacological
applications of their inhibitors and enhancers in human diseases.

© 2021 The Authors. Production and hosting by Elsevier B.V. on behalf of Japanese Pharmacological
Society. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/

4.0/).
1. Introduction

Manganese (Mn) is a metal widely distributed in rocks, soil, and
many plants and animals. Mn exists in the 0e7 valence states, but
mostly as Mn2þ or Mn3þ.1 In the environment, it exists mainly in
oxidized chemical forms, such as MnO2 and Mn3O4, as a metallic
Mn, and does not exist in free form.2 It is a component of various
enzymes that are essential for life. Mn-superoxide dismutase, py-
ruvate carboxylase, arginase, and many other metalloenzymes
contain Mn at their active sites.3,4 Thus, Mn is an essential element
for living organisms. However, occupational Mn intoxication occurs
in workers exposed to Mn in mines and metal refineries, the first
clinical description of which dates back to 1837.5 Exposure to excess
amounts of Mn causes neurological symptoms, including dystonia
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and parkinsonism.6 Alterations in the quantity and metabolism of
dopamine in the brain by Mn are believed to cause symptoms
similar to those of Parkinson's disease.7,8 Thus, Mn is a dual-faced
metal, being essential and toxic depending on its amount in the
body. Organisms must tightly regulate the absorption, retention,
and excretion of Mn in the body to maintain Mn homeostasis.

The total amount of Mn in the human body is approximately
10e20 mg.9 Humans intake Mn primarily from diets, such as cereals
and seeds. After digestion, Mn is absorbed by duodenal epithelial
cells in a divalent form. It has been suggested that Mn is transported
via the same pathway as used for iron (Fe) because excess amounts of
Fe in the diet suppress intestinal Mn absorption.10,11 In 1997, divalent
metal transporter 1 (DMT1) was isolated as a divalent Fe transporter
in the intestine, and was reported to have the ability to transport
divalent Mn (Mn2þ) into intestinal epithelial cells.12 Mn is also
known to exist in a trivalent form (Mn3þ) in the body. It is believed
that Mn3þ bound to transferrin, an iron-carrier protein, is trans-
ported into cells via endocytosis as a transferrinetransferrin receptor
complex. It has been suggested that the Fe transport system is the
major player in Mn transport in the body.
nese Pharmacological Society. This is an open access article under the CC BY license
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Recently, it was shown by us, as well as by other groups, that
zinc (Zn) transporters, ZIP8 and ZIP14, encoded by SLC39A8 and
SLC39A14, transport Mn2þ and cadmium (Cd2þ) in addition to Zn2þ

into cells.13e17 It was also found that ZNT10, a Zn exporter encoded
by SLC30A10, is involved in the excretion of Mn2þ from cells.18e21

These studies have indicated that the transporters for Zn, in addi-
tion to those for Fe, are involved in Mn transport pathways. How-
ever, it remained unclear whether these Zn transporters involved in
Mn2þ transport play essential roles in the body because both Mn2þ

and Mn3þ exist in the body. Recent findings of genetic defects in
ZIP8, ZIP14, and ZNT10 have led to the understanding that these Zn
transporters do play essential roles in Mn metabolism in the
body.22e25 Mutations in ZIP14/SLC39A14 and ZNT10/SLC30A10 cause
parkinsonism-like neurological symptoms accompanying hyper-
accumulation of Mn in the brain, whereas a mutation in ZIP8/
SLC39A8 causes awhole-body glycosylation disorder symptomwith
very low Mn levels in the blood. The results of genome-wide as-
sociation studies have suggested much broader roles of ZIP8 than
expected in a variety of diseases. Thus, a loss of function of these
transporters results in aberrant Mn metabolism and systemic
symptoms. However, detailed mechanisms underlying Mn trans-
port by these Zn transporters remain to be elucidated.

In this review, we describe the structural and biochemical fea-
tures, including transport mechanisms, regulation of expression,
and pathophysiological functions, of ZNT10, ZIP8, and ZIP14,
involved in Mn transport. Because transporters constitute valuable
targets in drug development, understanding the roles of Mn
transporters and their relation to human diseases should provide
new insights into pharmacological applications of their inhibitors
and enhancers in human diseases related to the dysfunction of Mn
homeostasis.

1.1. Biochemical features of ZNT10, ZIP8, and ZIP14

1) Structural features and Mn transport mechanism of ZNT10

ZNT10 is a member of the ZNT/SLC30A transporter family.
However, it is unique as an Mn transporter, whereas other mem-
bers act as Zn transporters. In this section, properties of ZNT
transporters are first reviewed with regard to the structural and
biochemical features of bacterial ZNT homologs and subsequently
of mammalian ZNT members, which is followed by a discussion on
the properties of ZNT10.

X-ray and cryo-electron microscopy (cryo-EM) structures of a
bacterial ZNT homolog, YiiP (Escherichia coli and Shewanella onei-
densis), reveal that YiiP forms homodimers, each protomer of which
possesses six transmembrane (TM) helices with N- and C-termini in
the cytoplasm.26e30 These structures also provide evidence for the
alternating-access mechanism mediated by conformational
changes between an inward- and outward-facing conforma-
tion.28,30 A change in conformation of a four-helix bundle consist-
ing of TM1, TM2, TM4, and TM5 relative to a two-helix pair outside
the bundle consisting of TM3 and TM6 provides accessibility to Zn
on either side of the membrane. The pH gradient drives a vectorial
Zn transport in a 1:1 exchange stoichiometry across biological
membranes and, thus, YiiP operates as a Zn2þ/Hþ exchanger.29,30

Four hydrophilic amino acid residues (three Asp and one His;
DDHD) in anti-parallel TM2 and TM5 in the four-helix bundle
constitute an intramembranous tetrahedral Zn-binding site.26e30

On the basis of these observations on YiiP, the topology of ZNT
transporters has been predicted, which was confirmed recently by
cryo-EM of ZNT8.31 One striking difference is that the His residue in
the N-terminal portion of ZNT8 is involved in two adjacent Zn-
binding sites formed in the C-terminal cytosolic region, whereas
in YiiP, the binuclear Zn center is formed only by its C-terminal
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cytosolic region. However, the N-terminal site is apparently not
essential for the Zn transport activity because the deletion of the
homologous portion of ZNT2 did not result in the loss of this
activity.32

Mammalian ZNT transporters have six TM helices with N- and
C-termini in the cytoplasm, and form homodimers33 (Fig. 1A),
except for ZNT5, which has a long N-terminal region and forms
heterodimers.34 ZNT transporters operate as Zn2þ/Hþ ex-
changers,35,36 as suggested in studies on YiiP. The intra-
membranous tetrahedral Zn-binding site of most ZNT transporters,
for example, the DDHD motif in YiiP, consists of two Asp and two
His residues (HDHD). In several biochemical studies, it has been
observed that these intramembranous motifs are essential for Zn
transport, because D-A or H-A substitutions result in the loss of
both Zn-binding and Zn-transport activities.35,37e39 Intriguingly,
plant ZNT homologs, which are thought to specifically transport
Mn, have four Asp residues (DDDD) in the intramembranous
binding site,40e43 although no orthologs have been found in
vertebrate genome.

ZNT10 is a cell-surface Mn exporter.44 In contrast to features
conserved in mammalian ZNT family proteins, ZNT10 is unique in
that it has a tetrahedral motif consisting of two Asp, one His, and
one Asn residues (NDHD) in the intramembranous Zn-binding site,
in which the first H is substituted for N (Fig. 2A). Moreover, ZNT10
has a cytosolic loop between TM4 and TM5, and a C-terminal
domain rich in Arg (R) and Lys (K) residues, unlike those in other
ZNT members, which are rich in His (H) residues. The N-terminal
portion of ZNT10 is too short to form two adjacent Zn-binding
sites,45 which is different from the case of ZNT8.31 These features
are believed to be associated with the Mn transporting ability of
ZNT10. Indeed, in several studies, it has actually been observed that
the NDHD motif is essential for such function. We showed the
importance of the first N (Asn-43) in a tetrahedral NDHD motif
using a cell system for evaluating resistance to high Mn concen-
trations.21 In this study, the critical function of Asn-43 was exam-
ined by amino acid swapping mutations between ZNT10 and ZNT1,
because both showa high sequence similarity among ZNTmembers
and exhibit similar features, such as cell surface localization and a
short cytosolic N-terminal region.32,46 However, the substrate
metal is completely different; ZNT10 is a cell surface Mn exporter,44

whereas ZNT1 is a cell surface Zn exporter.47,48 The substitution of
Asn-43 with His residue in ZNT10, along with two other amino acid
substitutions in TM2 and TM5, conferred Zn transport activity,
although these substitutions abolished the Mn transport ability21

(Fig. 2B). In contrast, a ZNT1 mutant, in which His-43 in the motif
was substituted with Asn (alteration from HDHD to NDHD),
showed Mn transport ability, however, this substitution abolished
Zn transport ability.21 Loss of Mn transport activity by the alteration
of NDHD to HDHD in ZNT10was confirmed in another study using a
different evaluation system.49 Thus, the Asn residue in the NDHD
motif is required for Mn transport, whereas the first His residue in
the HDHD motif is required for Zn transport. Generally, Mn is
preferably bound directly to oxygen-containing amino acids, such
as Asp, Glu, Asn, and Gln, and backbone carbonyl groups,50 which
may explain the ability of the NDHD motif to mobilize Mn and the
disability of the HDHD, if the tetrahedral coordination is formed on
Mn by the NDHD. This speculation is consistent with the fact that
Streptococcus pneumoniae ZNT homolog Mn transporter, MntE, has
the NDDD motif.51 However, the Mn transport ability was, inter-
estingly, retained upon substitution of Asn-43 with Ala (ADHD)49,52

(Fig. 2C), suggesting that tetrahedral formation may not occur in
the transport of Mn by ZNT10.

Recently, ZNT10 was suggested to operate in the efflux of Mn,
coupled to calcium (Ca) exchange,49 but not as a proton exchanger
as in other ZNT transporters.35,36 Interestingly, substitution of Asn-



Fig. 1. Diagrammatic representation of the predicted structures of ZNT and ZIP transporters. A. Proposed topology of ZNT is described. ZNT protomers have six transmembrane (TM)
domains, and generally form homodimers. A transmembranous zinc binding site exists in the compact four-helix bundle consisting of TMs 1, 2, 4, and 5. The binding site is generally
formed by conserved aspartic acid (D) and histidine (H) residues of TM2 and TM5. Proton (Hþ) gradient facilitates the antiport of Zn by ZNT proteins. ZNT proteins mobilize Zn (all
members, except ZNT10) and Mn (ZNT10) from the cytosol into the intracellular compartments or extracellular space. B. Proposed topology of ZIP is described. ZIP protomers are
predicted to have eight TMs and have been experimentally shown to form homodimers. The conserved amphipathic amino acid residues, H, N, and D, in the HNhPDG sequence in
TM4 and H, E, and H in the HEhPHG sequence in TM5 would form a binuclear metal center within the TMs. LIV-1 subfamily members have the potential conserved metalloprotease
motif (HEXPHEXGD) in TM5 (not shown) and the long extracellular N-terminal region with the CPLAYY motif. ZIP family members mobilize Zn (all members) and Mn (ZIP8 and
ZIP14) in directions opposite to the mobilization by the ZNT proteins.

Fig. 2. Illustrations summarizing the Mn and Zn transport property of ZNT10 and its mutants. A. WT ZNT10. B. ZNT10 (N43H) mutant. Other two amino acid substitutions in
TM2 and TM5 are required for the mutant to mobilize Zn (21). C. ZNT10 (N43A) mutant. D. ZNT10 (N43T) mutant. ZNT10 (N43T) mutant is operative in an uncoupled channel mode.
Metal specificity and transport activity are shown as Mn and Zn circles.
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43 with Ala (in ADHD) enhances the coupling between Mn and Ca
exchange than in NDHD.49 Moreover, substitution of Asn-43 with
Thr (in TDHD) induces uncoupled channel-like Mn transport ac-
tivity, and enables ZNT10 to be permeable to both Ca and Mn49

(Fig. 2D). This may support the notion that ZNT10 transports Mn
through a mode different from that employed by other ZNT
transporters, wherein the first His residue in the HDHD motif is
critical for determining Zn as a substrate metal. The molecular
understanding of the mode of operation of ZNT10 has not yet been
elucidated, and needs to be clarified in future studies.

2) Structural features and Mn transport mechanism of ZIP8 and
ZIP14

ZIP8 and ZIP14 are members of the ZIP/SLC39A transporter
family.33,53 They are unique in that they can mobilize different
divalent cations, including Mn and Zn.54 In this section, we have
reviewed the properties of ZIP transporters, first using bacterial ZIP
homologs and mammalian ZIP members, and then discussed the
properties of ZNT8 and ZIP14.

Compared with the crystal structure of the ZNT homolog, YiiP,
the structure of the ZIP homolog, ZIPB (Bordetella bronchiseptica),
was revealed recently. ZIPB functions as a monomeric transport
unit having eight TM helices, with its N- and C-terminal regions
located extracellularly, as predicted previously.55,56 The inner four-
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helix bundle within the TM helices embraces a central binuclear
metal center, in which the metal ion coordination sites are termed
M1 and M2.57 The M1 site is penta-coordinated, whereas M2 is
hexa-coordinated, primarily by the amino acid residues located
within two conserved hexapeptides, 177HNhPEG182 and 207QD/
NhPEG212 (h refers to a hydrophobic residue), in TM4 and TM5,
respectively. In ZIP4, the M1 site is essential for Zn transport,
whereas the M2 site is auxiliary, because the M2 site is neither
required for Zn transport nor for M1 binding.57 However, most
individual residues in the binuclear metal center are functionally
dispensable.58 Water molecules occupy two coordination sites of
M1 and one coordination site of M2.57 ZIPB mobilizes extracellular
Zn through facilitated diffusion into the cytoplasm down an inward
Zn concentration gradient,59 wherein these water molecules
contribute to Zn mobility, that is, there is a water-mediated Zn
transport.60

Mammalian ZIP transporters are believed to have the same to-
pology as ZIPB, with eight TM helices, having extracellular N- and
C-terminal regions (Fig. 1B). Based on biochemical analyses, it has
been predicted that they form homodimers,53,61 as shown for
ZIPB,62 as well as heterodimers between some members.63 Amino
acid residues forming two conserved hexapeptide regions, HNhPEG
and QD/NhPEG, in TM4 and TM5 of ZIPB are moderately changed to
HNhPDG and HEhPHG in mammalian ZIPs, but M1 and M2 sites of
an intramembranous binuclear Zn binding site are believed to be
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formed, as in the ZIPB structure. The HEhPHG sequence in TM5 is
conserved as the potential metalloprotease motif (HEXPHEXGD) in
LIV-1 subfamily members, which also has the CPLAYY motif in the
extracellular region preceding the first TM1. In mammalian ZIP
transporters, based on the results of several Zn or Cd uptake assays,
a symport mechanism, whereby Zn is transported alongside bi-
carbonate (HCO3

�), is suggested to be operative.64,65 However, this
mechanism needs to be experimentally confirmed66 because of the
discrepancy with that of ZIPB.

Compared with the detailed molecular information on Mn
transport by ZNT10, information on the Mn transport by ZIP8 and
ZIP14 is less clear. ZIP8 and ZIP14 are primarily localized to the
plasma membrane, with some reports suggesting their localization
to endosomes and lysosomes67,68 Both are broad-spectrum metal
transporters that take up Mn, Fe, and Cd, in addition to Zn54,69,70

and can mobilize Cd and Mn with high affinity.17,65 However, ZIP8
mediates the uptake of Cd, Zn, cobalt (Co), and Fe, and weakly
mediates the uptake of Mn in metal uptake assays using Xenopus
oocytes.71 This suggests that the Mn transport activity of ZIP8 and
ZIP14 may be specifically enhanced in mammalian cells. ZIP8 and
ZIP14 are assigned to the LIV-1 subfamily of ZIP transporters.
Uniquely, ZIP8 and ZIP14 have a Glu (E) residue in place of the
highly conserved His (H) residue in TM5 (Fig. 3). The H-to-E sub-
stitution (i.e., a change from HEXPHEXGD to EEXPHELGD) may
contribute to a shift in increased metal selectivity to Mn in addition
to Zn55,72 (Fig. 3). The Cd transport activity of ZIP8 and ZIP14 is
facilitated by HCO3

�,17,65 which suggests that their metal transport
activity, including the transport of Mn, is operative in the symport
mechanism that drives metals across an HCO3

� gradient. However,
this may need to be further examined, as described above.

As discussed in more detail below, a ZIP8 single nucleotide
polymorphism (SNP) (rs13107325 C/T, Ala391Thr) is known to be
associated with multiple phenotypes.73,74 ZIP8 A391T is associated
with significant impairment of systemic Mn homeostasis, but not
with Zn metabolism,75,76 suggesting that A391, which is predicted
to be present close to TM7 helix (Fig. 3), may affect the determinant
of metal specificity in the binuclear metal center within the TM
helices of ZIP8. Interestingly, several other ZIP transporters,
including ZIP9, also have Ala residues at this position.45 ZIP9 is
homologous to Saccharomyces cerevisiae Atx2p (antioxidant 2),53,77

which is involved in Mn homeostasis,78 and is essential for efficient
Fig. 3. Illustration of the possibility of increased selectivity for Mn in addition to that for
of ZIP transporters (LIV-1 subfamily members), except for ZIP8 and ZIP14. The potential c
representation of ZIP8 and ZIP14. The H residue is substituted with an E residue in the m
substitution with the T residue because of single nucleotide polymorphism (rs13107325 C/
also shown.
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O- and N-glycosylation.79 In contrast, ZIP14 does not possess an Ala
residue at this position (Ser residue in ZIP14). Thus, it is worthwhile
to clarify how the A391T substitution in ZIP8 contributes to Mn
transport.
1.2. Regulation of the expression of ZNT10, ZIP8, and ZIP14

Expression of ZNT10, ZIP8, and ZIP14 is regulated in a tissue- or
cell-specific manner, which could be associated with the patho-
physiological situation. There are many review articles on zinc
pathophysiology, but little opportunity has been described for Mn
physiopathology. Here, we provide a simple overview of the regu-
lation of their expression, because it would be useful to focus onMn
transport.

The transcription of ZNT10 is enhanced by several stimuli.
Vitamin D is one such stimulus that upregulates the transcription of
ZNT10 through binding of the vitamin D receptor to vitamin D
responsive elements (VDREs) in the 50-flanking region of its pro-
moter.80 The upregulation of ZNT10 transcription by bile acid is also
mediated by the vitamin D receptor.81 The transcription of ZNT10 is
also induced by MPPþ in an ATF4-dependent manner, which may
contribute to its protective role in MPPþ-induced toxicity via the
PERK-ATF4 pathway.82 In contrast, interleukin (IL)-6 stimulates the
downregulation of ZNT10.15

Lipopolysaccharides (LPS) or IL-6 stimulate the transcription of
ZIP14,15,83,84 which may bemediated by AP-1.85 The transcription of
ZIP14 is increased during ER stress, which is mediated by the
binding of ATF6 to the ER stress response element (ERSE)-like
sequence.86 At the protein level, ZIP14 is downregulated by Fe
deficiency and is upregulated by an Fe overload.87 Moreover, the
expression of ZIP14 is slightly decreased through degradation in the
lysosomal pathway in response to relatively high Mn exposure,88

suggesting that its expression is regulated through a complicated
mechanism by its substrate metals at the protein level.

The expression of ZIP8 is upregulated by LPS or tumor necrosis
factor (TNF),89 which is mediated by NF-kB through the physical
interaction with the kB-binding site in its 50-flanking region.90 The
expression of ZIP8 is markedly increased by IL-1b treatment.91 The
expression of ZIP8mRNA is also induced by IFN-g.92 In contrast, the
expression of ZIP8 is suppressed by GSH and Cd exposure through
Zn by H-to-E substitution in TM5 of ZIP8 and ZIP14. A. Diagrammatic representation
onserved metalloprotease motif (HEXPHEXGD) is present in TM5. B. A diagrammatic
etalloprotease motif. The position of A391 at a location close to TM7 of ZIP8, whose
T, Ala391Thr) is known to be associated with multiple clinical phenotypes (see text), is
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the downregulation of Sp1.93 MicroRNA-488 suppresses the
expression of ZIP8.94

Zn or Mn metabolism would be closely associated with the
regulation of expression of ZNT10, ZIP8, and ZIP14, and their
regulation should, therefore, be more closely elucidated based on
the expanded insights on Zn and Mn pathophysiology.

1.3. Pathophysiological functions of ZNT10, ZIP8, and ZIP14

Mutations in the ZIP8, ZIP14, and ZNT10 genes in humans have
been found to cause hereditary abnormalities in Mn metabolism
(Fig. 4). In 2012, mutations in SLC30A10/ZNT10 were found in pa-
tients with parkinsonism-like symptoms accompanying hyper-
accumulation of Mn in the brain and liver18,20 (OMIM #613280). In
2016, mutations in SLC39A14/ZIP14were also found in patients with
excessive Mn accumulation and progressive childhood-onset
parkinsonism-dystonia95 (OMIM #617013). In 2015, patients with
type II congenital disorders of glycosylation showing blood Mn
deficiency were found to have mutations in SLC39A8/ZIP896,97

(OMIM #616721). The findings of these hereditary diseases allude
to critical roles played by ZIP8, ZIP14, and ZNT10 in maintaining
normal Mn metabolism in humans and show that dysfunctions of
these transporters could cause serious diseases associated with the
disorders of Mn metabolism. In this section, physiological and
pathological significance of ZIP8, ZIP14, and ZNT10 is summarized,
and the phenotypes of patients and studies on knockout mice are
discussed. The phenotypes of knockout mice described in the
selected reports are also summarized in Table 1 for easy reference.

1) Pathophysiology of ZNT10

In patients harboring the SLC30A10/ZNT10 mutation, the frame-
shift-induced premature termination of the protein occurs in the
cytosolic loop between TM4 and TM5 or in the C-terminal re-
gion.18,20 Immunohistochemical analysis revealed that ZNT10 was
absent at the plasma membrane facing the lumen of the bile ducts
in the liver of these patients. Blood Mn concentrations were
markedly increased, leading to hyperaccumulation of Mn in the
brain and liver. Because biliary excretion from the liver is believed
Fig. 4. Diagrammatic representation of the pivotal and proposed roles of ZNT10, ZIP8,
captured and taken up into the enterocytes from the apical side via DMT1 and probably
mediated by ferroportin. Mn in the portal vein and serum is taken up into the hepatocytes b
ZIP8 at the canalicular membrane. Mn taken up from the basolateral side into the intestinal e
into the proximal tubules of the kidney may play an important role in controlling the amoun
urine is presumably reabsorbed into proximal tubular epithelial cells via ZIP8. Modified fro
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to be the major route of Mn excretion from the body,10,98 the loss of
ZNT10 functions in the liver was assumed to impair the biliary
excretion of Mn, leading to hyperaccumulation of Mn in the brain
and liver of these patients. However, the phenotypes of Znt10-
knockout mice show that the pathways for Mn excretion via Znt10
are more complex than expected. In Znt10-knockout mice, which
died at 6e8 weeks, the Mn levels in the brain, blood, and liver were
markedly higher than those in control mice at 6 weeks. Notably,
comparison of whole-body Znt10-knockout mice with tissue-
specific Znt10-knockout mice revealed that Mn levels in the brain
were not increased in liver-specific (carrying Alb-Cre) or pan-
neuronal/glial-specific (carrying Nes-Cre) Znt10-knockout mice.99

In contrast, endoderm-specific Znt10-knockout mice (carrying
Foxa3-Cre), in which the expression of Znt10 was lost in the liver
and intestine, showed markedly elevated Mn levels in the brain,
blood, and liver, which was similar to the phenotype observed in
whole-body knockout mice.99 Similar results were reported in
another strain.100 These results indicate that Znt10 plays a role in
Mn excretion in the intestine, in addition to that in the liver (Fig. 4).
Using Caco2 cells cultured in a Transwell plate, ZNT10 was localized
on the luminal side of Caco2 cells and played a role in transporting
Mn from the basolateral to the luminal side,99 suggesting an
important role for ZNT10 in the excretion of Mn from the blood into
the intestinal lumen. Consistent with these results, a previous study
showed that intestinal excretion of Mn plays a more critical role
than biliary excretion in the presence of excess Mn in the body.101

2) Pathophysiology of ZIP14 and ZIP8

Mutations in SLC39A14/ZIP14 also result in the accumulation of
Mn in the whole body and brain, leading to childhood-onset
parkinsonism-dystonia symptoms.95 The identified mutations
include three missense mutations (F98V, G383R, and N469K
located in the N-terminal domain, TM5, and TM8, respectively) and
a frameshift mutation generating a truncated protein. These mu-
tations are predicted to impair the transporter activity of ZIP14.95

Whole-body Zip14-knockout mice exhibited the same patholog-
ical features as patients with SLC39A14/ZIP14mutations.102 Because
ZIP14 functions as an importer of Mn, the introduction of ZIP14
and ZIP14 in Mn metabolism in the intestine, liver, and kidney. A. Luminal Mn is
ZIP8, and Mn is effluxed into the portal vein across the basolateral border, probably
y ZIP14, which is excreted into the bile, mediated by ZNT10. Biliary Mn is recovered by
pithelial cells via ZIP14 is excreted into the lumen, mediated by ZNT10. B. Reabsorption
t of Mn in the whole body. Mn undergoes glomerular filtration and Mn in the primary
m ref.131



Table 1
Tissue-specific knockout mice and blood Mn levels.

Mn transporter Gene name Cre-gene Tissue Blood Mn Reference

Znt10 Slc30a10 e Whole body Very high 100
Nes Brain-specific e 99
Alb Liver-specific e 99
Foxa3 Intestine-specific e 99
Alb/Vill Liver-and intestine Very high 100

Zip14 Slc39a14 e Whole body Very high 102
Alb Liver-specific e 103
Vill Intestine-specific Very high 104

Zip8 Slc39a8 e Whole body Very low 109
Alb Liver-specific Very low 109
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siRNA reduced Mn uptake in neuronal SH-SY5Y cells15; it was
puzzling to note that the loss of ZIP14 function results in increased
systemic levels of Mn. However, the basolateral localization of
ZIP14 in cells excreting Mn68 provides an explanation because such
localization can provide an excretion route for the blood Mn and
dysfunction causes an accumulation of Mn in the body. Thus, the
generation of tissue-specific Zip14-knockout mice provides clearer
answers. ZIP14 is highly expressed in the liver and duodenum,
which suggests that the dysfunction of ZIP14 prevents hepatic or
intestinal Mn uptake from the blood, leading to reduced biliary Mn
excretion and elevated Mn accumulation in the blood and brain.
While liver-specific Zip14-knockout mice (carrying Alb-Cre) did not
show Mn accumulation in the brain,103 intestine-specific Zip14-
knockout mice (carrying Vill-Cre) showed increased Mn accumu-
lation in the brain.104 These results suggest that basolaterally
localized ZIP14 in enterocytes provides a primary excretion route
for the blood Mn. Because ZNT10 is expressed at the luminal side of
the enterocytes, as discussed above, the blood Mn may be elimi-
nated into the intestinal lumen via cooperative functions of ZIP14 at
the basolateral membrane and of ZNT10 at the luminal membrane
of the enterocytes (Fig. 4). Because ZNT10 is also expressed at the
apical membranes of hepatocytes, a similar Mn elimination system
may be operative in the liver (Fig. 4). However, the intestinal Mn
elimination system may become more critical than the hep-
atobiliary Mn elimination system when excess Mn exists in the
body.

Infants with mutations in SLC39A8/ZIP8 were reported to show
symptoms of congenital disorders of glycosylation and had very
low blood Mn levels.96,97 Because galactosyltransferase, a critical
enzyme for adding galactose to sugar chains, is dependent on Mn,
Mn deficiency due to SLC39A8/ZIP8 mutations was believed to lead
to whole-body galactosylation disorders. Whole-genome
sequencing of these patients revealed mutations at two locations
in SLC39A8/ZIP8. One patient had double mutations at G38R and
I340N, and another patient had double mutations at V33M and
S335Y. These mutations are assumed to be located in the extra-
cellular N-terminal domain (V33, G38) and TM5 (S335, I340).105 Mn
uptake by the double-mutated ZIP8 (G38R, I340N) ectopically
expressed in HeLa cells was markedly lower than that by the wild-
type ZIP8.106 However, the effect of each mutation remains to be
elucidated.

In inherited Zn or copper (Cu) deficiency, a mutation in SLC39A4/
ZIP4 leads to systemic Zn deficiency called acrodermatitis enter-
opathica, and a mutation in the Cu transporter, ATP7A, leads to
systemic Cu deficiency called Menkes disease,107,108 both of which
are attributed to reduced intestinal Zn or Cu absorption. In contrast,
the mechanisms underlying ZIP8 mutation-induced Mn deficiency
may not be caused by reduced intestinal Mn absorption. In an
excellent genetic study, it was clearly shown that Zip8 at the
canalicular membrane recovers a part of Mn excreted in the bile,
and that the loss of Zip8 causes disordered recovery of Mn from the
130
bile, leading to dyshomeostasis of Mn in the body.109 In this study,
Mn levels were found to be decreased in the liver, kidney, brain, and
blood of both tamoxifen-inducible whole-body Zip8-knockout
mice, and liver-specific Zip8-knockout mice (carrying Alb-Cre).109

Moreover, biliary Mn levels were increased and decreased with
the liver-specific knockout and overexpression of Zip8, respec-
tively.109 Thus, a Mn reabsorption mechanism is crucial for main-
taining systemic Mn homeostasis (Fig. 4).

In addition to the liver and intestine, kidney is another principal
organ that controls the excretion and reabsorption of trace ele-
ments. In the kidney, ZIP8 is highly expressed in the boundary re-
gion between the cortex and outer medulla where the S3 segment
of the proximal tubules is abundant.14 Using the S1, S2, and S3
segment-derived immortalized cells cultured in the Transwell
plates, Mn was efficiently absorbed from the apical side into S3
cells,110 where ZIP8 is highly expressed, suggesting that some of the
glomerulus-filtered Mn may be reabsorbed by ZIP8 at the S3
segment of proximal tubules in the kidney, providing another route
of Mn recovery in the body. In support of this hypothesis, a clinical
study showed that high amounts of Mn were excreted in the urine
of ZIP8-mutated patients receiving high doses of Mn for therapy.111

Further studies are required to elucidate the contribution of ZIP8 to
the reabsorption of Mn in proximal tubule systems.

Genome-wide association studies have revealed that the SNP,
rs13107325, in SLC39A8/ZIP8 is associated with multiple clinical
phenotypes. The related diseases and conditions include schizo-
phrenia,112e114 hypotension,115,116 obesity,117,118 decreased HDL
cholesterol levels,119,120 acute coronary syndrome (ACS),121 and
Crohn's disease.122 The SNP, rs13107325, which has a frequency of
more than 5% in Europe, causes a missense mutation, A391T, at a
location close to TM7. However, the effects of the A391T mutation
on the Mn transporting ability of ZIP8 and its association with a
broad range of diseases remain elusive. Human carriers of
rs13107325 were shown to have lower plasma Mn concentrations
than non-carriers, but the extent of this decrease in concentration
was only about 10%e20%.76,123 Ectopic expression of A391T mutant
ZIP8 in cultured cells resulted in minimal changes in Mn uptake in
HEK293 cells,123 whereas it caused a decrease in Cd uptake in
HEK293 cells,124 and in Zn uptake in CHO cells.125 Recently, two
groups have generated knock-in mice with the A391T mutant
ZIP8.74,75 In both these studies, the A391Tmutation of ZIP8 resulted
in lowered Mn levels in the intestine, leading to impaired intestinal
barrier function and symptoms similar to those of Crohn's disease.
These results suggest that the alteration in Mn transport by the
A391T mutation of ZIP8 is involved at least in Crohn's disease.
Further studies are required to elucidate the relationship between
ZIP8 SNP mutations and the development of a wide range of
diseases.

Congenital disorders related to ZNT10, ZIP14, and ZIP8 in
humans have led to an understanding of the tissue-specific roles of
these Mn transporters, includingMn excretion by ZNT10 and ZIP14,
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or Mn reabsorption by ZIP8. Further mechanistic studies on the
physiological and pathological functions of ZIP8, ZIP14, and ZNT10
will provide a complete understanding of the regulatory mecha-
nisms of systemic and cellular Mn homeostasis.
1.4. Perspectives

Accumulating evidence has helped clarify the importance of Zn
transporters in cellular and systemic Mn metabolism through the
mobilization of Mn across the cellular membrane. Simultaneously,
new questions have arisen about their functions. Can these trans-
porters flexibly discriminate between Zn and Mn? Can their Mn
transport activity be flexibly regulated? Considering the properties
of ZNT and ZIP transporters, it would be interesting to consider the
possibility that heterodimerization may occur between ZNT10 and
other ZNT proteins, or between ZIP8 or ZIP14 and other ZIP proteins
to control their Mn/Zn transport activity. ZNT10 has been shown to
heterodimerize with ZNT3,126 although this heterodimerization
needs to be investigated from the perspective of Mn pathophysi-
ology. Answers to these questions need to be obtained for a un-
derstanding of Mn homeostasis.

The impairment of Mn homeostasis results in various diseases.
Genetic variation associated with Mn homeostasis likely leads to a
variety of symptoms and risk of diseases. Dietary Mn deficiency is
unlikely to occur in a normal individual; thus, an excess of Mn,
which may be associated with both rare and common neurode-
generative disorders,127 need to be intensively examined in the
future. In patients with parkinsonism caused bymutations in ZNT10
and ZIP14, chelation therapy with disodium calcium edetate is re-
ported to show significant improvement,18,20,95 along with sup-
plementation of iron, which is a competitive inhibitor of intestinal
Mn uptake. Thus, compounds that reduce Mn toxicity may lead to
the discovery and development of drugs for a number of human
diseases associated with altered Mn homeostasis. The recent
emergence of several small molecule inhibitors of ZIP trans-
porters128,129 show the high possibility for novel pharmacological
applications by directly targeting ZNT10, ZIP8, and ZIP14 in human
diseases associated with these transporters. However, these in-
hibitors have not yet been used in animal studies or in human
patients. Considering ZNT10, ZIP8, and ZIP14 are expressed on the
cell surface, an antibodyedrug conjugate may be useful. In this
regard, an antibodyedrug conjugate consisting of an anti-ZIP6
humanized monoclonal antibody and a microtubule-disrupting
agent provides useful information because it showed the efficacy
in both in vitro and in vivo antitumor activity.130 It is needless to say
that molecular mechanisms underlying the association of ZNT10,
ZIP8, and ZIP14 with Zn and Mn metabolism should be clarified for
potential pharmacological.
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