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Metal Transporter Zip14 (Slc39a14) Deletion in Mice
Increases Manganese Deposition and Produces Neurotoxic
Signatures and Diminished Motor Activity
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Mutations in human ZIP14 have been linked to symptoms of the early onset of Parkinsonism and Dystonia. This phenotype is likely
related to excess manganese accumulation in the CNS. The metal transporter ZIP14 (SLC39A14) is viewed primarily as a zinc transporter
that is inducible via proinflammatory stimuli. In vitro evidence shows that ZIP14 can also transport manganese. To examine a role for
ZIP14 in manganese homeostasis, we used Zip14 knock-out (KO) male and female mice to conduct comparative metabolic, imaging, and
functional studies. Manganese accumulation was fourfold to fivefold higher in brains of Zip14 KO mice compared with young adult
wild-type mice. There was less accumulation of subcutaneously administered 54Mn in the liver, gallbladder, and gastrointestinal tract of
the KO mice, suggesting that manganese elimination is impaired with Zip14 ablation. Impaired elimination creates the opportunity for
atypical manganese accumulation in tissues, including the brain. The intensity of MR images from brains of the Zip14 KO mice is
indicative of major manganese accumulation. In agreement with excessive manganese accumulation was the impaired motor function
observed in the Zip14 KO mice. These results also demonstrate that ZIP14 is not essential for manganese uptake by the brain. Neverthe-
less, the upregulation of signatures of brain injury observed in the Zip14 KO mice demonstrates that normal ZIP14 function is an essential
factor required to prevent manganese-linked neurodegeneration.
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Introduction
Manganese is a nutritionally essential micronutrient that can in-
fluence health. Considerable attention has been given to manga-

nese toxicity in humans due to environmental contamination,
occupational activities, and overconsumption of manganese-rich
dietary supplements (Buchman, 2014; O’Neal and Zheng, 2015;
Freeland-Graves et al., 2016). Manganese accumulation has been
carefully documented as contributing to neurotoxicity in rodent
and nonhuman primate models (Guilarte, 2013). In human sub-
jects, the spectrum of manganese-related neurological disease in-
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Significance Statement

Manganese is an essential micronutrient. When acquired in excess, manganese accumulates in tissues of the CNS and is associated
with neurodegenerative disease, particularly Parkinson-like syndrome and dystonia. Some members of the ZIP metal transporter
family transport manganese. Using mutant mice deficient in the ZIP14 metal transporter, we have discovered that ZIP14 is
essential for manganese elimination via the gastrointestinal tract, and a lack of ZIP14 results in manganese accumulation in
critical tissues such as the brain, as measured by MRI, and produces signatures of brain injury and impaired motor function.
Humans with altered ZIP14 function would lack this gatekeeper function of ZIP14 and therefore would be prone to manganese-
related neurological diseases.
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cludes Parkinson’s disease and dystonia (Horning et al., 2015).
Many conditions contribute to these disorders, including chronic
liver disease (Quadri et al., 2012; Tuschl et al., 2012), drug addic-
tion (Stepens et al., 2008), and immune responses, leading to
neuroinflammation (Burton and Guilarte, 2009; Horning et al.,
2015).

Numerous metal transporters have been implicated as con-
tributing factors for excess manganese accumulation and neu-
rological disorders (Horning et al., 2015). Components of iron
metabolic pathways including divalent metal transporter-1
(DMT-1), transferrin receptor (TFR), and the iron efflux trans-
porter ferroportin-1 (FPN1) have been implicated in manganese
metabolism (Buchman, 2014). Animal models of genetic dis-
orders of iron metabolism support this involvement (Chua
and Morgan, 1997; Kim et al., 2013; Seo and Wessling-
Resnick, 2015).

Recently, transporters most frequently identified with roles in
zinc metabolism have also been implicated in manganese metab-
olism (Horning et al., 2015). These transporters are found in two
families. The ZnT (SLC30A1–10) family functions to lower intra-
cellular metal concentrations through efflux at the plasma mem-
brane or through a secretory route (Huang and Tepaamorndech,
2013; Kambe et al., 2015) The ZIP (SLC39A 1–14) family func-
tions to increase intracellular metal concentrations through in-
flux at the plasma membrane or from endosomes, mitochondria,
or lysosomes (Lichten and Cousins, 2009; Jeong and Eide, 2013).
Mutations that alter function/localization of ZnT10 (SLC30A10)
result in hypermanganesmia as found in Parkinson’s disease and
dystonia (Quadri et al., 2012; Tuschl et al., 2012; Leyva-Illades et
al., 2014). In addition, ZIP8 (SLC39A8) has been linked to
disorders of manganese transport (Boycott et al., 2015; Park et
al., 2015).

Zip14 is induced by proinflammatory cytokines, including
IL-6, TNF-�, and IL-1B, and by nitric oxide and that ZIP14
(SLC39A14) and drastically influences zinc homeostasis in vivo
(Liuzzi et al., 2005; Lichten et al., 2009). Mice with a Zip14 dele-
tion exhibit major specific phenotypic changes including meta-
bolic endotoxemia, reduced hepatocyte regenerative capacity,
adipocyte hypertrophy, and zinc dyshomeostasis during sepsis
(Aydemir et al., 2012a,b, 2016; Guthrie et al., 2015; Wessels and
Cousins, 2015; Troche et al., 2016). Despite the considerable at-
tention given to ZIP14 in mice in terms of zinc transport and
related physiology, in vitro evidence suggests that ZIP14 can
transport manganese (Girijashanker et al., 2008; Pinilla-Tenas et
al., 2011; Fujishiro et al., 2014).

Recently, mutations in Zip14 have been identified in a group
of young patients who presented clinically with greatly elevated
whole-blood manganese concentrations, abnormal MR images
of brain characteristic of manganese accumulation, and a diag-
nosis of childhood-onset parkinsonism-dystonia (Tuschl et al.,
2016). They also showed altered locomotor activity and manga-
nese accumulation in zebrafish with a Zip14 mutation. These
significant findings led us to use a systems metabolic approach to
understand how manganese homeostasis can be controlled by
ZIP14 in a mammalian model. Accordingly, we found that Zip14
knock-out (KO) mice lacking ZIP14 have a spontaneous man-
ganism syndrome with profound accumulation of manganese in
brain accompanied by decreased motor activity. The results dem-
onstrate that ZIP14 is important in manganese homeostasis to
limit manganese in the CNS and is associated with physiologic
complications.

Materials and Methods
Animals
The design and validation of the conventional Zip14 KO (Zip14�/�)
murine strain has been described previously (Aydemir et al., 2012b). The
breeding colony uses backcrosses with other mice of the C57BL/6 and
129S5 background. The mice used in these experiments were of the F12
generation or later. After weaning, the mice were fed ad libitum a com-
mercial chow diet that contained 93 mg Mn/kg (catalog #7012, Harlan)
and tap water and were maintained on a 12 h light/dark cycle. Both
female and male mice were used as young adults (8 –16 weeks of age).
Gender differences were evaluated in most experiments. Mice were killed
by exsanguination using cardiac puncture under isoflurane anesthesia.
Protocols were approved by the University of Florida Institutional
Animal Care and Use Committee.

Manganese and zinc metabolism
In experiments to evaluate manganese metabolism using 54Mn, the mice
were fasted for 4 h before being used for experiments. Each mouse re-
ceived 5 �Ci of the radioisotope in 250 �l by gavage, under anesthesia, 4 h
before they were killed. In companion experiments, each mouse received
3 �Ci, s.c., of 54Mn, and they were killed 4 h later. The entire excised
small intestine was perfused with a metal chelating buffer (10 mM EDTA,
10 mM HEPES, and 0.9% NaCl) to collect the luminal contents contain-
ing unabsorbed and excreted 54Mn. To compare 54Mn metabolism to
that of zinc, the identical protocol was followed using 65Zn (2 �Ci/
mouse). Specific activities of the 54Mn and 65Zn (PerkinElmer) were 104
and 2 mCi/mg, respectively, at the time of administration. Radioactivity
in weighed aliquots of tissue and luminal contents was measured by
gamma ray solid scintillation spectrometry.

Metal assays
To measure manganese and zinc concentrations by flame atomic absorp-
tion spectrophotometry (AAS), weighed aliquots of tissue were digested
at 95°C for at least 3 h in HNO3. Samples were diluted in Milli-Q water
before AAS analysis Aydemir et al., 2012b). Whole blood (500 �l) was
assayed for the measurement of Mn concentration after acid digestion.
Serum (diluted in water) was used to measure the Zn concentration.

Quantitative PCR analyses
Tissue samples were flash frozen in liquid nitrogen and stored at �80°C.
RNA was isolated following homogenization in TRIzol reagent using a
Bullet Blender homogenizer. Total RNA was used to measure relative
mRNA abundance by quantitative PCR (qPCR). Primer/probe sequences
were published previously (Wessels and Cousins, 2015; Aydemir et al.,
2016; Troche et al., 2016). TBP mRNA was the normalizer for relative
expression comparisons.

Western analysis
Tissue aliquots stored at �80°C, as above, were homogenized in RIPA
lysis buffer with protease and phosphatase inhibitors (Thermo Scientific
and AG Scientific) added along with the PMSF (Sigma-Aldrich) using the
Bullet Blender. Solubilized proteins were separated by 10% SDS-PAGE
and transferred to nitrocellulose membranes using Ponceau Red to
confirm transfer. Visualization was by chemiluminesence (SuperSignal,
Thermo Fisher) and digital imaging (Protein Simple). Details are de-
scribed previously (Troche et al., 2016). In one series of experiments,
proximal sections of small intestine were removed from wild-type (WT)
and Zip14 KO mice for isolation of biotinylated proteins from separated
apical and basolateral membranes. These procedures were described in
detail previously (Guthrie et al., 2015). Rabbit anti-mouse ZIP14 and
ZIP8 antibodies were produced in-house and were affinity purified and
characterized as described previously (Liuzzi et al., 2005; Aydemir et al.,
2009). Antibodies for Na�/K�-ATPase (Santa Cruz Biotechnology) and
sodium-glucose cotransporter 1 (SGLT1), translocator protein (TSPO),
and tubulin (Abcam) were obtained from the indicated suppliers.

Magnetic resonance imaging
Mice of both genotypes were anesthetized and killed by exsanguination
via cardiac puncture. The brains were immediately placed in 4% formalin
for fixation. Within 24 h, the brains were rinsed in PBS and then placed in
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pairs in Fluorinert oil (FC-43, 3M/Sigma-Aldrich) and finally in fresh
Fluorinert for imaging. The excised brains were imaged using a 17.6 tesla
magnetic resonance spectrometer interfaced with a Paravision 6.0 con-
sole (Bruker) and a 20-mm-inner diameter birdcage coil (In Vivo). Si-
multaneous imaging of two brains from each condition (one WT brain
and one Zip14 KO brain) was used to allow for unbiased by size and
intensity comparisons. The MRI protocol consisted of a T1-weighted 3D
FLASH sequence with a 30° flip angle, a repetition time of 80 ms, and an
echo time of 4 ms. An average of six replications allowed a spatial reso-
lution of 75 �m 3. The total scan time was 4 h and 38 min.

Open field spontaneous activity
To monitor spontaneous activity, individual mice were placed in a
VersaMax Animal Activity Monitoring System (AccuScan Instruments)
for a 30 min test session. The system consisted of four animal activity
cages made of clear acrylic 40 cm 3 square chambers equipped with infra-
red photocell beams. Horizontal activity, total distance, moving time,
clockwise revolution, counterclockwise revolution, margin distance, and
resting time data were automatically collected in the dark using the Ver-
samax activity monitor and analyzer software system.

Motor function and gastrointestinal motility tests
Motor function for all mice was tested in the light phase. All tests were
performed as described previously (Sampson et al., 2016).

Balance beam traversal. The beam was constructed of four segments of
0.25 m in length with progressively narrower widths (3.5, 2.5, 1.5, and 0.5
cm). The widest segment acted as a loading platform, and the narrowest
ended at the home cage. After 2 d of training, the mice were timed over
three trials to traverse the beam.

Hindlimb clasping reflex scoring. Mice were gently lifted upward by the
tail and observed over �5–10 s. A score of 0 was assigned if they were
freely moving their limbs and extending them outward. Scores of 1, 2, and 3
were assigned if they were displaying an inward clasp of one hindlimb, two
hindlimbs, or total paralysis of both hindlimbs, respectively.

Cylinder test. Mice were placed in a translucent container (12 cm
width, 20 cm height), and forelimb steps were counted when the mice
moved both forelimbs together from the floor to the wall of the cylinder
in one movement.

Inverted grid. The mice were placed in the center of a 26 by 38 cm
screen with 1-cm 2-wide mesh. The screen was inverted, and the mice
were timed for 60 s until they released their grip or held on.

Pole descent. A pole (0.5 m long, 1 cm in diameter) was placed into the
home cage. After 2 d of training, the time required to descend from top of
the pole to the bottom was measured.

Gastrointestinal motility test and fecal output. Following an overnight
fast, the mice were given TRITC-dextran (40,000 Da) via gavage. After
2 h, the mice were killed and the amount of TRITC-dextran remaining in
the luminal contents of the gastrointestinal (GI) tract was measured by
spectrofluorometry at Excitation/Emission 550/577 nm. The TRITC-
dextran concentration was calculated from a standard curve, and values
were divided by tissue weight (stomach) or length (intestine and colon).
To measure fecal output, mice were transferred from their home cage to
a 12 � 20 cm translucent cylinder, and fecal pellets produced over 5 min
were counted.

Statistics
Data are presented as the mean � SEM. Significance was assessed by
Student’s t test for single comparisons and by ANOVA/Tukey’s test for
multiple comparisons. Statistical significance was set at p � 0.05.

Results
Excess brain manganese accumulation in Zip14 KO mice
Using a conventional Zip14 KO mouse model, we measured
manganese, zinc, and iron concentrations in whole blood/serum,
liver, and brain at steady state. Our results revealed that manga-
nese concentrations were greater in the whole blood and brain
(Fig. 1A,B), and lower in the liver (Fig. 1C) of Zip14 KO mice
when compared with WT controls. A compelling feature of these
data is that these mice were young adults and were fed a standard

chow diet with no supplemental manganese where the Zip14
ablation was the variable. Differences in brain and liver zinc
concentrations between WT and KO mice mirrored those of
manganese but were of lesser magnitude. In contrast, iron con-
centrations in serum, brain, and liver were not different between
WT and KO mice. Deletion of ZIP14 in the KO mice is demon-
strated in Figure 1D.

Ablation of Zip14 results in less effective blood
manganese elimination
The greater blood manganese concentrations (Fig. 1A) in Zip14
KO mice led to the hypothesis that ZIP14 might have a role in the
elimination of absorbed manganese. Therefore, we measured ra-
dioactivity in whole blood, intestinal tissue, and the intestinal
contents of WT and KO mice after administration of 54Mn by
intragastric gavage and separately by subcutaneous injection. Fol-
lowing both routes of administration, the amount of 54Mn in
whole blood was substantially greater in Zip14 KO mice when
compared with WT mice (Fig. 2A). Following gavage, the amount
of 54Mn in intestinal tissue was not different between WT and
Zip14 KO female mice. The amount of intestinal 54Mn was far

Figure 1. Deletion of Zip14 leads to manganism in mice. Mn, Zn, and Fe concentrations were
measured by Atomic Absorption Spectroscopy (AAS). A, Whole-blood Mn and serum Zn and Fe
concentrations. B, Mn, Zn, and Fe concentrations in brain. C, Mn, Zn, and Fe concentrations in
liver. D, ZIP14 abundance in liver and brain. Values are reported as the mean � SEM. N � 6 –7
(equal number of female and male mice of each genotype were included). *p � 0.05, **p �
0.01, ***p � 0.001. Student’s t test for WT and Zip14 KO comparison.
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greater in the WT male mice, but was significantly less in Zip14
KO male mice (Fig. 2B). Interestingly, the amount of 54Mn from
the oral dose found in the intestinal contents was lower in the
female mice. Male Zip14 KO mice had more 54Mn in the intesti-
nal contents than male WT mice, but the difference was not
statistically significant. These data suggest that intestinal man-
ganese absorption was lower in male mice. When administered
subcutaneously, the amount of 54Mn was lower in the intestinal

tissue and the intestinal contents of Zip14
KO mice of both genders (Fig. 2C), suggest-
ing that systemic manganese elimination
was much less effective when Zip14 was
deleted. A likely explanation for the lower
54Mn content in the intestine via subcuta-
neous administration is that ZIP14 is lo-
calized to the basolateral membrane of
enterocytes. We evaluated the localization
of ZIP14 in the small intestine (Fig. 2D).
Proteins on the apical site of the intestine
were separated from basolateral membrane
localized proteins via biotinylation and im-
munoprecipitation with Sepharose beads.
The basolateral membrane protein marker
Na�/K� ATPase and apical membrane
protein marker SGLT1, as controls, con-
firmed that ZIP14 was localized to the baso-
lateral membrane of WT mice and was
absent in the Zip14 KO mice.

Hepatic manganese uptake is reduced
with Zip14 ablation
Manganese homeostasis is regulated pri-
marily through the hepatobiliary excre-
tion (Buchman, 2014; Horning et al.,
2015; O’Neal and Zheng, 2015). Thus, we
evaluated the influence of ZIP14 on man-
ganese uptake into the hepatobiliary path-
way. No difference was found between

WT and Zip14 KO mice in the amount of 54Mn in the gallbladder
and the liver when 54Mn was administered via gavage (Fig. 3A).
In contrast, the amount of 54Mn was significantly lower in the
gallbladder and the liver of Zip14 KO mice when 54Mn was in-
jected subcutaneously (Fig. 3B). This finding is in congruence
with the discovery that the amount of 54Mn was much higher
(14-fold to 20-fold) in the whole blood of the Zip14 KO mice

Figure 2. Reduction of endogenous manganese loss in Zip14 KO mice. Mice were administered 54Mn via either gavage or subcutenous injection, and 4 h later radioactivity was measured. A,
Amount of 54Mn in total blood. B, Amount of 54Mn in intestinal tissue and intestinal luminal contents of WT and Zip14 KO mice when administered by oral gavage. C, Amount of 54Mn in intestine
tissue and intestinal luminal contents of WT and Zip14 KO mice when administered by subcutaneous injection. D, Location of ZIP14 at the basolateral membrane of enterocytes from WT mice as
measured by biotinylation and Western analysis. Values are reported as the mean � SEM. N � 6 –7. Student’s t test for WT and Zip14 KO comparison for each gender.

Figure 3. Comparison of 54Mn metabolism and expression of Zip8 in livers of WT and Zip14 KO mice. A, Amount of 54Mn in
gallbladder and liver tissue of WT and Zip14 KO mice following oral gavage. B, Amount of 54Mn in gallbladder and liver tissue of WT
and Zip14 KO mice following subcutaneous injection. C, Transcript of Zip8 was measured by qPCR. D, Hepatic ZIP8 protein abun-
dance was measured by Western blot. Values are reported as the mean � SEM. N � 6 –7. Student’s t test for WT and Zip14 KO
comparison for each gender.
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when 54Mn was administered via subcu-
taneous injection (Fig. 2A). We interpret
this differential as indicating that, in the
absence of ZIP14, hepatic manganese up-
take was maintained by a less efficient
manganese transport system. Metal trans-
porters that potentially could function in
that role in liver were measured at the
transcript level. Those for ZnT10 and
DMT1 as well as transferrin receptor were
not different between WT and KO mice
(data not shown). In contrast, hepatic
Zip8 transcript levels were significantly
higher in the Zip14 KO mice compared
with WT controls (Fig. 3C). Furthermore,
the abundance of hepatic ZIP8 protein
was found to be greater in Zip14 KO male
mice (Fig. 3D). These results suggest a
possible role for ZIP8 in hepatic manganese
metabolism, particularly when ZIP14 is dys-
functional, as in the KO mice.

54Mn uptake and magnetic resonance
imaging reveal that deletion of Zip14
drastically influences manganese
accumulation in brain
To test the influence of ZIP14 on manga-
nese brain accumulation, we have con-
ducted comparative 54Mn and 65Zn
uptake studies. When 54Mn was adminis-
tered either via gavage or subcutaneous
injection, Zip14 KO mice accumulated
much greater amounts of 54Mn in brain
when compared with WT control mice
(Fig. 4A,B). By comparison, the differen-
tial in 65Zn uptake by the brain between
the Zip14 KO and WT mice was lower
(Fig. 4C,D). Of note, we did not find any
difference in the amount of 59Fe between
WT and Zip14 KO mice (data not shown).
In an effort to identify factors that might
contribute to the excess manganese in the
brain of Zip14 KO mice, we have mea-
sured Zip8, Znt10, Dmt1, Fpn, and Tfr
transcripts. Among them, only Dmt1 transcripts exhibited a
significantly greater abundance (p � 0.05) in Zip14 KO compared
with WT mice (Fig. 4E).

To more closely evaluate the pattern of manganese accumula-
tion,weexcisedbrains from WT and Zip14 KO mice for subsequent
MRI analysis. As shown in Figure 5, images of signal intensity
from the brains of the Zip14 KO mice is far greater than that of the
WT mice. The images received no enhancement and represent
only the signal produced by endogenous manganese in brains of
the two genotypes. Of major interest is the marked signal inten-
sity of the hippocampus, striatum, and cerebellum of the Zip14
KO brains.

Zip14 KO mice display impaired locomotor and
gastrointestinal function
Manganism is known to cause motor impairment that resembles
Parkinson’s disease (Peres et al., 2016). To test for an abnormal
motor phenotype in the Zip14 KO mouse model, we used loco-

motor activity chambers (Taylor et al., 2010), balance beam
traversal, pole descent, hindlimb clasping reflex, cylinder test,
and inverted grip test. Zip14 KO mice displayed significantly less
horizontal activity, total distance, moving time, clockwise revo-
lution, counterclockwise revolution, and margin distance. In
contrast, resting time was significantly greater when compared
with WT controls (Fig. 6). The Zip14 KO mice required signifi-
cantly more time to cross a balance beam and made a greater
number of mistakes compared with WT control mice (Fig. 7A).
Furthermore, pole descent time for Zip14KO mice was signifi-
cantly greater than that of WT mice (Fig. 7B). The hindlimb
clasping reflex was also defective in Zip14 KO mice (Fig. 7C).
Forelimb activity in cylinder test was significantly lower in Zip14
KO mice (Fig. 7D). Limb strength was not different between
Zip14 KO and WT mice, as measured by the inverted grid assay
(Fig. 7E); therefore, outcomes in motor tests were not due to the
physical strength. These data collectively suggest that motor ac-
tivities were impaired in Zip14 KO mice similar to those exhibited
in Parkinson’s disease patients.

Figure 4. Comparison of 54Mn and 65Zn metabolism and DMT1 expression in brains of WT and Zip14 KO mice. A, Amount of
54Mn in brain tissue of WT and Zip14 KO mice following oral gavage. B, Amount of 54Mn in brain of WT and Zip14 KO mice following
subcutaneous injection. C, Amount of 65Zn in brain tissue of WT and Zip14 KO mice following oral gavage. D, Amount of 65Zn in
brain of WT and Zip14 KO mice following subcutaneous injection. E, Transcript of DMT1. Values are reported as the mean � SEM.
N � 3–7. Student’s t test for WT and Zip14 KO comparison for each gender.
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Gastrointestinal motility is commonly disturbed in Parkin-
son’s disease (Jost, 2010). To test GI motility, WT and Zip14 KO
mice were gavaged with TRITC dextran, and fluorescence was
measured with suspensions of the luminal contents. While there
was no difference in the content of stomach and proximal intes-
tine, significantly higher and lower fluorescence were detected in
luminal contents of distal intestine and colon, respectively, in
Zip14 KO mice when compared with WT mice (Fig. 7F). More-
over, total output of fecal pellets was significantly lower in Zip14
KO mice (Fig. 7G). These data suggest that, similar to patients
with Parkinson’s disease, there was less motility in the lower gas-
trointestinal track of Zip14 KO mice.

Zip14 deletion increases indices of neuroinflammation and
brain injury
Manganese-related brain injury and neuroinflammation are
common features of neurodegenerative disorders (Guilarte,
2013; Horning et al., 2015). Therefore, we measured IL-6, IL-1�,
and Tnf-� transcripts in brain tissue. Tnf-� transcripts were sig-
nificantly higher in Zip14 KO mice of both genders compared
with WT controls (Fig. 8A). The transcript abundance for IL-6

and IL-1B did not change (data not shown).
In agreement with Tnf-� upregulation, we
have found a greater abundance of phosphor-
ylated nuclear factor-�B (NF-�B) protein in
the brains of Zip14 KO mice (Fig. 8A).
Furthermore, TSPO was more abundant
in the brains of Zip14 KO mice (Fig. 8A),
which is reflective of neuroinflammation
and injury.

Mn and Zn are differentially redistributed
during inflammation
To investigate the relationship between brain
manganese accumulation and neuroin-
flammation/neurodegeneration in Zip14
KO mice, we induced systemic inflamma-
tion via LPS administration. Our previous
studies have linked changes in zinc ho-
meostasis and ZIP14 expression in re-
sponse to acute inflammation induced by
LPS (Liuzzi et al., 2005; Aydemir et al.,
2012b). For example, LPS increases ZIP14
expression in multiple tissues, including
liver, adipose, and muscle, and is accom-
panied by hypozincemia, which is a hall-
mark of acute inflammation (Aydemir et
al., 2012b). Considering the influence of
ZIP14 on manganese accumulation, we
compared the metabolism of zinc and
manganese during acute inflammation.
As shown previously in Zip14-null mice,
acute inflammation does not reduce se-
rum zinc levels (Liuzzi et al., 2005). LPS-
induced hypozincemia was demonstrated
here with both serum 65Zn from an oral
dose and zinc as measured by AAS (Fig.
8B,C). Surprisingly, blood manganese
levels were higher following LPS adminis-
tration, a response that was greatly ampli-
fied in the Zip14 KO mice (Fig. 8B). Of
note was the markedly greater 54Mn
content in brains of the Zip14 KO mice,
but that LPS treatment attenuated that
effect. Whole-blood 54Mn content was

far greater in the Zip14 KO mice, and the difference was ac-
centuated by LPS treatment (Fig. 8C). By comparison, 65Zn
accumulation in the brain was not influenced by LPS in WT
mice but produced greater 65Zn accumulation in the brain of
Zip14 KO mice (Fig. 8C). Of major interest is that acute LPS
administration accentuated ZIP14 expression in brain (Fig.
8D). Furthermore, Zip14 ablation magnified the influence of
LPS on brain TNF� levels (Fig. 8D). These data suggest that
enhanced manganese accumulation by the brain and concur-
rent brain injury in Zip14 KO mice are related to defective
metabolic handling and elimination of manganese. They also
are suggestive of a neuroprotective influence of ZIP14.

Limitation of brain manganese with dietary
zinc supplementation
Manganese is a substrate for ZIP14 transport in vitro, as is zinc,
which is considered as the natural substrate (Pinilla-Tenas et
al., 2011). To evaluate a potential strategy for the limitation of
manganese deposition by zinc supplementation, we compared

Figure 5. Representative T1-weighted 3D FLASH MRI scans of WT and Zip14 KO mouse brains. Postmortem brain scans were
acquired at 17.6 tesla. A, Sagittal view showing greater overall signal intensity in Zip14 KO mice than in WT mice. B, Coronal view
at the level of the striatum highlighting the bed nucleus of stria terminalis (red arrow). C, Hippocampal CA3/dentate region.
D, Cerebellum.
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54Mn uptake by brain 2 weeks after the mice were placed on a
zinc-supplemented diet containing 180 mg Zn/kg. As shown
in Figure 9, the supplemented diet significantly lowered brain
54Mn uptake in the Zip14 KO mice. This finding suggests that

zinc administered orally has the potential to serve as a thera-
peutic option to limit manganese accumulation in the CNS.

Discussion
A characteristic that manganese shares with other essential trace
element micronutrients, specifically iron, copper, and zinc, is
tightly regulated homeostasis (Buchman, 2014; Collins, 2014;
King and Cousins, 2014; Wessling-Resnick, 2014).

Substantial evidence has shown that manganese uses meta-
bolic pathways associated with iron for absorption and cellular
uptake/efflux (Kim et al., 2013; Buchman, 2014; Horning et al.,
2015; Seo and Wessling-Resnick, 2015). Marked differences of
opinion exist, however, related to the actual mechanisms in-
volved. For example, DMT1 has been suggested as the major
manganese transporter for enteric absorption (Garrick et al.,
2003). That is at variance with evidence from an intestine-specific
Dmt1 knock-out mouse suggesting that DMT1 does not have a
role in manganese absorption (Shawki et al., 2015). In support of
that result, we did not find a change in DMT1 protein levels in the
intestines of WT and Zip14 KO mice. A similar finding regarding
DMT1 expression was made with the loss-of-function zebrafish
mutant model (Tuschl et al., 2016). The iron exporter FPN1 may
export manganese from enterocytes at the basolateral surface and
into the circulation (Buchman, 2014). The flatiron mutation in
mice produces an FPN1 deficiency causing a decrease in blood,
liver, and biliary manganese levels and a decrease in absorption of
orally administered 54Mn (Seo and Wessling-Resnick, 2015).
Transferrin can bind manganese (Aisen et al., 1969). In that re-
gard it is of interest that TFR1 is located at the basolateral mem-
brane of enterocytes (Chen et al., 2015). That orientation suggests
that some manganese could enter a serosal-to-mucosal excretory
pathway through TFR1.

Neurons may acquire manganese through uptake via the TFR
mechanism (Suárez and Eriksson, 1993). In addition the metal
transporter ZnT10 has been shown to transport manganese from
neuronal cells (Leyva-Illades et al., 2014; Nishito et al., 2016).
Downregulation of ZnT10 would be expected to increase cellular
manganese retention. However, our results show that Znt10
mRNA expression was not influenced in tissues, including the
brain of WT or KO mice. Nevertheless, human ZnT10 mutations

Figure 7. Comparison of motor and gastrointestinal function between WT and Zip14 KO
mice. A, Time to cross of balance beam and the number of errors made per cross were counted.
B, Time to descend on the pole was counted. C, Hindlimb scores were given to mice based on the
number of hindlimb clasps. D, Forelimb activity in a translucent cylinder was counted for 5 min.
E, Limb strength was measured by inverted grip test. F, Mice were given TRITC-Dextran (40,000) and
after 2 h GI contents were collected to measure fluorescence by spectrofluorometry. G, Mice were
placed in a translucent cylinder, and fecal output was counted for 5 min. Values are reported as the
mean�SEM. N�4 – 8 (equal number of female and male mice were included). *p�0.05, **p�
0.01, ***p � 0.001. Student’s t test for WT and Zip14 KO mice comparison.

Figure 6. Comparison of spontaneous open field locomotor activity between WT and Zip14 KO mice. Mice were placed in open field activity test chambers individually and data were collected for
30 min using the Versamax activity monitor and analyzer software system. Values are reported as the mean � SEM. N � 4 –12 (equal number of female and male mice were included). *p � 0.05,
**p � 0.01, ***p � 0.001. Student’s t test for WT and Zip14 KO mice comparison for each day.
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have been shown to be associated with hypermanganesemia
(Qadri et al., 2004; Tuschl et al., 2012). Hence, when mutated, the
gene may produce a change-of-function/location for ZnT10
protein.

ZIP14 is capable of transporting zinc (Liuzzi et al., 2005; Li-
uzzi et al., 2006). The role of ZIP14 in zinc transport leading to
multiple physiologic effects is now established (Aydemir et al.,
2012a,b, 2016; Guthrie et al., 2015; Wessels and Cousins, 2015).
The manganese-transporting abilities of ZIP14 have been inves-
tigated through in vitro approaches (Girijashanker et al., 2008;
Pinilla-Tenas et al., 2011; Fujishiro et al., 2014). However, highly
relevant to the manganese transport role of ZIP 14 in vivo is the
recent report identifying homozygous mutations of ZIP14 in a
cohort of children with clinical hypermanganesemia and progressive
parkinsonism-dystonia (Tuschl et al., 2016). It was proposed that
those mutations in ZIP14 produced altered manganese homeostasis
in vivo based upon evidence from a loss-of-function zebrafish
mutant model. Those experiments prompted us to investigate
the manganese-transporting ability of ZIP14 using a conven-
tional Zip14 knock-out mouse model. Taking a systems approach,
we have identified a ZIP14 dysfunction syndrome producing spon-

taneous manganism in mice maintained with normal husbandry.
The whole-blood manganese level was twofold greater, and, remark-
ably, the manganese deposition in the brain was fivefold to sixfold
greater in the Zip14 KO mice. Manganese accumulation was greater
in males than in females. This gender difference is reflective of the
longer half-life of absorbed 54Mn observed in male human subjects

Figure 8. Mn and Zn differentially redistributed during inflammation induced by LPS. A, Relative expression of brain TNF� and the abundance of neurodegeneration marker proteins at steady
state. B, Concentrations of Mn and Zn in blood and serum were measured by AAS. C, Comparison of 54Mn and 65Zn metabolism during inflammation. D, Relative expressions of Zip14 and TNF� were
measured by qPCR. Values are reported as the mean � SEM. N � 4 –7. ANOVA/Tukey’s test was used for multiple comparisons.

Figure 9. Influence of dietary zinc supplementation on 54Mn metabolism. WT and Zip14 KO
mice were either fed with zinc adequate (ZnA) or zinc supplemented (ZnS) diet for 2 weeks. At
the end of dietary feeding, mice were given 54Mn via subcutaneous injection. At 4 h postinjec-
tion, the amounts of 54Mn were measured in blood and brain. Values are reported as the
mean � SEM. N � 4 –7 (equal number of female and male mice were included). ANOVA/
Tukey’s test was used for multiple comparisons.

Figure 10. Model for transporter activity for mammalian manganese absorption, hepatic
uptake, and endogenous excretion. The transporters required for manganese uptake by entero-
cytes at the apical membrane have not been established. FPN facilitates manganese efflux from
enterocytes into the portal circulation. Hepatocytes use ZIP14 as a major transporter for man-
ganese uptake. ZnT10 is responsible for manganese secretion into the biliary excretory path-
way. ZIP14 facilitates systemic manganese transport into enterocytes at the basolateral
membrane. Without normal ZIP14 function, manganese is diverted to systemic circulation and
tissue uptake, particularly the brain.
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(Finley et al., 1994). Moreover, the greater manganese accumulation
in male mice is in agreement with the higher incidence of Parkin-
son’s disease in males (Van Den Eeden et al., 2003).

The early 54Mn studies of Cotzias (Bertinchamps et al., 1966)
demonstrated that the liver has a primary role for rapid clearance
of newly absorbed manganese. The lower liver 54Mn levels in the
KO mice suggest that the absence of ZIP14 decreases hepatic
manganese uptake and transit. Early transport studies with iso-
lated rat hepatocytes showed that a high-affinity transport system
exists for manganese (Schramm and Brandt, 1986). ZIP14 may be
a component of that high-affinity transport system. ZIP8 expres-
sion was upregulated in the Zip14 KO mice possibly to compen-
sate for the lack of ZIP14. Also of note is that despite the increases
in whole-blood manganese levels seen with Zip14 ablation, serum
zinc and iron concentrations are the same in both WT and Zip14
KO mice (Aydemir et al., 2012b). In that regard, our results are
similar to those recently shown for the human patients with mu-
tated Zip14 where the whole-blood manganese level was elevated,
but whole-blood levels for iron, copper, zinc, and cadmium were
within normal ranges (Tuschl et al., 2016). Furthermore, the ap-
parent normal handling of 54Mn in liver and gallbladder in both
WT and Zip14 KO mice when administered by gavage suggests
that ZIP14 is not involved in enteric manganese absorption.

Our model for manganese homeostasis includes ZIP14 local-
ization to the basolateral membrane of enterocytes (Fig. 10). That
localization and the deficiency of intestinal ZIP14 in the KO mice
were confirmed in this report. Previously, we have proposed that
intestinal ZIP14 in mice functions to provide endogenous zinc
for functions such as tight junction integrity and/or for zinc re-
plenishment for the proliferating intestinal epithelium (Guthrie
et al., 2015). Hence, a role for enterocyte ZIP14 in manganese
excretion cannot be excluded. Since enterocytes are constantly
being renewed, manganese in these cells would be lost through
desquamation. Subcutaneous administration of 54Mn produced
significant increases in radioactivity found in brain, whole blood,
and peripheral tissues. In contrast, subcutaneous administration
resulted in less radioactivity from 54Mn recovered in the intesti-
nal lumen of the Zip14 KO mice compared with that in WT
controls, suggesting that manganese excretion via the gastroin-
testinal tract is markedly reduced in mice without ZIP14. A sero-
sal to mucosal route for 54Mn excretion has been proposed
(Bertinchamps et al., 1966).

The current experiments establish a number of points about
ZIP14. First, ZIP14 is not needed for the brain to acquire manga-
nese. Second, ZIP14 is not necessary for manganese absorption,
but is essential for excretion. The extent of manganese accumulation
in the Zip14 KO mice (Fig. 5) is sufficient to enhance intensity in
T1-weighted magnetic resonance images. Brain-mapping studies in
rodents have previously made use of manganese-enhanced MRI to
assess brain activity (Sepúlveda et al., 2012; Perez et al., 2013;
Malkova et al., 2014). Such studies require administration of
MnCl2 in the range of 70 – 88 mg Mn/kg to provide enhancement
of contrast related to manganese accumulation in active neurons.
Manganese sequestration is thought to reflect the activity of neu-
ral circuits. Third, Zip14 ablation increases zinc concentrations of
the total brain but does not change concentrations of iron. This
latter finding argues against a role for ZIP14 in iron transport
under normal physiologic conditions. Fourth, oral zinc supple-
mentation may limit brain manganese accumulation; however,
further studies on the therapeutic value of zinc would need to
include evaluation of the dose level, form, and time of therapeutic
intervention. Finally, ZIP14 ablation leads to motor dysfunction
in mice. The mice used in these experiments were young adults.

Manganese accumulation would be expected to increase with age.
That would be consistent with the progression of signs of Parkin-
son’s disease with age (Van Den Eeden et al., 2003).

While manganese accumulates in brains of Zip14 KO mice,
the question remains as to the function of ZIP14 in neuronal cells.
The most likely possibility is that normally ZIP14 zinc-transporting ac-
tivity is needed to prevent mismetallation of essential metallo-
proteins. Recently, the dopamine transporter has been shown to
have a Zn 2� binding site that regulates activity by an allosteric
mechanism (Li et al., 2017). Manganese has a low affinity for this
binding site. However, a Mn/Zn competition for the site due to
defective ZIP14 could influence dopamine transport. In turn, this
could relate to impaired dopamine release associated with man-
ganese accumulation (Guilarte, 2013). In addition, as pointed out
above, the response of Zip14 to proinflammatory conditions in
multiple tissues suggests that there could be a similar response in
the mammalian brain. The studies focusing on liver and adipose
tissue suggest that ZIP14 during inflammation contributes of
phosphatase inhibition and suppression of NF-�B and STAT3
signaling (Aydemir et al., 2012b; Troche et al., 2016). Cytokines
produced via glial stimulation may induce similar responses in
neuronal cells as has been proposed previously (Horning et al.,
2015). Such cytokine release may induce neuronal ZIP14, possi-
bly needed for control of zinc-dependent signaling. This neuro-
nal zinc delivery could simultaneously contribute to manganese
delivery to neurons as a consequence of neuroinflammation.

In summary, Figure 10 presents our interpretation of the im-
portance of ZIP14 in manganese homeostasis in mice based on
the data presented here. We propose that ZIP14 is not required
for enteric manganese absorption or for manganese uptake into
the brain. Furthermore, the stoichiometry of zinc and manganese
in portal plasma is such that hepatic ZIP14 serves a gatekeeper
role to shuttle manganese out of the systemic circulation and into
hepatocytes for transport to excretory pathways. Ablation of
Zip14 deletes this protective role and leads to manganese accu-
mulation in brain with concomitant signatures of locomotor dys-
function and neurodegeneration as seen in Parkinson’s disease.
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Öhrvik H, Worrell RT, Thiele DJ, Mackenzie B (2015) Intestinal DMT1
is critical for iron absorption in the mouse but is not required for the

Aydemir et al. • ZIP14 Transporter and Brain Manganese Accumulation J. Neurosci., June 21, 2017 • 37(25):5996 – 6006 • 6005

http://dx.doi.org/10.1289/ehp.0800035
http://www.ncbi.nlm.nih.gov/pubmed/19337503
http://dx.doi.org/10.1073/pnas.1511701112
http://www.ncbi.nlm.nih.gov/pubmed/26324903
http://dx.doi.org/10.1007/s003600050085
http://www.ncbi.nlm.nih.gov/pubmed/9265748
http://dx.doi.org/10.1016/j.jtemb.2016.05.004
http://www.ncbi.nlm.nih.gov/pubmed/27264059
http://dx.doi.org/10.1039/c3mt00362k
http://www.ncbi.nlm.nih.gov/pubmed/24576911
http://dx.doi.org/10.1023/A:1020702213099
http://www.ncbi.nlm.nih.gov/pubmed/12572663
http://dx.doi.org/10.1124/mol.107.043588
http://www.ncbi.nlm.nih.gov/pubmed/18270315
http://dx.doi.org/10.3389/fnagi.2013.00023
http://www.ncbi.nlm.nih.gov/pubmed/23805100
http://dx.doi.org/10.1152/ajpgi.00021.2014
http://www.ncbi.nlm.nih.gov/pubmed/25428902
http://dx.doi.org/10.1146/annurev-nutr-071714-034419
http://www.ncbi.nlm.nih.gov/pubmed/25974698
http://dx.doi.org/10.1016/j.mam.2012.05.008
http://www.ncbi.nlm.nih.gov/pubmed/23506888
http://dx.doi.org/10.1016/j.mam.2012.05.011
http://www.ncbi.nlm.nih.gov/pubmed/23506894
http://dx.doi.org/10.1016/j.jns.2009.08.020
http://www.ncbi.nlm.nih.gov/pubmed/19717168
http://dx.doi.org/10.1152/physrev.00035.2014
http://www.ncbi.nlm.nih.gov/pubmed/26084690
http://dx.doi.org/10.1371/journal.pone.0064944
http://www.ncbi.nlm.nih.gov/pubmed/23705020
http://dx.doi.org/10.1523/JNEUROSCI.2329-14.2014
http://www.ncbi.nlm.nih.gov/pubmed/25319704
http://dx.doi.org/10.1074/jbc.M116.760140
http://www.ncbi.nlm.nih.gov/pubmed/28096460
http://dx.doi.org/10.1146/annurev-nutr-033009-083312
http://www.ncbi.nlm.nih.gov/pubmed/19400752
http://dx.doi.org/10.1152/ajpgi.90676.2008
http://www.ncbi.nlm.nih.gov/pubmed/19179618
http://dx.doi.org/10.1073/pnas.0502257102
http://www.ncbi.nlm.nih.gov/pubmed/15863613
http://dx.doi.org/10.1073/pnas.0606424103
http://www.ncbi.nlm.nih.gov/pubmed/16950869
http://dx.doi.org/10.1073/pnas.1323287111
http://www.ncbi.nlm.nih.gov/pubmed/24889602
http://dx.doi.org/10.1074/jbc.M116.728014
http://www.ncbi.nlm.nih.gov/pubmed/27226609
http://dx.doi.org/10.1007/s40572-015-0056-x
http://www.ncbi.nlm.nih.gov/pubmed/26231508
http://dx.doi.org/10.1016/j.ajhg.2015.11.003
http://www.ncbi.nlm.nih.gov/pubmed/26637979
http://dx.doi.org/10.1186/s40360-016-0099-0
http://www.ncbi.nlm.nih.gov/pubmed/27814772
http://dx.doi.org/10.1186/1750-1326-8-9
http://www.ncbi.nlm.nih.gov/pubmed/23379588
http://dx.doi.org/10.1152/ajpcell.00479.2010
http://www.ncbi.nlm.nih.gov/pubmed/21653899
http://dx.doi.org/10.1042/bj20031587
http://www.ncbi.nlm.nih.gov/pubmed/14670077
http://dx.doi.org/10.1016/j.ajhg.2012.01.017
http://www.ncbi.nlm.nih.gov/pubmed/22341971
http://dx.doi.org/10.1016/j.cell.2016.11.018
http://www.ncbi.nlm.nih.gov/pubmed/27912057
http://www.ncbi.nlm.nih.gov/pubmed/3770217
http://dx.doi.org/10.1096/fj.14-262592
http://www.ncbi.nlm.nih.gov/pubmed/25782988
http://dx.doi.org/10.1002/cmmi.1469
http://www.ncbi.nlm.nih.gov/pubmed/22649049


absorption of copper or manganese. Am J Physiol Gastrointest Liver
Physiol 309:G635–G647. CrossRef Medline

Stepens A, Logina I, Liguts V, Aldins P, Eksteina I, Platka�jis A, Ma�rtinsone I,
Te�rauds E, Rozenta�le B, Donaghy M (2008) A Parkinsonian syndrome
in methcathinone users and the role of manganese. N Engl J Med 358:
1009 –1017. CrossRef Medline
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