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Manganese (Mn) is an essential metal that induces incurable
parkinsonism at elevated levels. However, unlike other essential
metals, mechanisms that regulate mammalian Mn homeostasis are
poorly understood, which has limited therapeutic development.
Here, we discovered that the exposure of mice to a translationally
relevant oral Mn regimen up-regulated expression of SLC30A10, a
critical Mn efflux transporter, in the liver and intestines. Mecha-
nistic studies in cell culture, including primary human hepatocytes,
revealed that 1) elevated Mn transcriptionally up-regulated
SLC30A10, 2) a hypoxia response element in the SLC30A10 pro-
moter was necessary, 3) the transcriptional activities of hypoxia-
inducible factor (HIF) 1 or HIF2 were required and sufficient for the
SLC30A10 response, 4) elevated Mn activated HIF1/HIF2 by block-
ing the prolyl hydroxylation of HIF proteins necessary for their
degradation, and 5) blocking the Mn-induced up-regulation of
SLC30A10 increased intracellular Mn levels and enhanced Mn tox-
icity. Finally, prolyl hydroxylase inhibitors that stabilize HIF pro-
teins and are in advanced clinical trials for other diseases reduced
intracellular Mn levels and afforded cellular protection against Mn
toxicity and also ameliorated the in vivo Mn-induced neuromotor
deficits in mice. These findings define a fundamental homeostatic
protective response to Mn toxicity—elevated Mn levels activate
HIF1 and HIF2 to up-regulate SLC30A10, which in turn reduces cel-
lular and organismal Mn levels, and further indicate that it may be
possible to repurpose prolyl hydroxylase inhibitors for the man-
agement of Mn neurotoxicity.
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Levels of essential metals (e.g., iron [Fe], copper [Cu], zinc
[Zn], manganese [Mn], etc.) must be maintained within a

narrow physiological range in cells and organisms to avoid de-
ficiency or toxicity. For several essential metals, sophisticated
homeostatic pathways that respond to changes in metal levels
and adjust metal influx or efflux in a cell- or tissue-specific manner
have been described. As examples, 1) the production of the liver
hormone hepcidin increases during Fe overload, which induces
degradation of the Fe efflux transporter ferroportin (Fpn) in Fe-
exporting cells (e.g., enterocytes, macrophages, etc.) to inhibit the
further release of Fe into plasma (1), and 2) the Cu efflux trans-
porter ATP7B relocalizes from the trans Golgi network to cyto-
plasmic vesicles and the apical plasma membrane of hepatocytes
to increase Cu excretion during excess (2). Predictably, dysfunc-
tions in the pathways that regulate metal homeostasis often cause
disease. Hepcidin deficiency causes hereditary hemochromatosis
characterized by elevated Fe levels in the body (1), and ATP7B
mutants that fail to traffic in response to Cu are associated with
Wilson’s disease and Cu toxicity (3, 4). Furthermore, insights
obtained from studies on metal homeostasis have promoted drug
discovery—for example, drugs that target the hepcidin–Fpn re-
sponse are in clinical trials for the treatment of Fe metabolism
diseases (5). Overall, elucidating the homeostatic control mecha-
nisms that modulate levels of essential metals in human-relevant

model systems is essential to understand the pathobiology of, and
develop treatments for, metal-induced diseases.
Unlike other essential metals, the regulation of Mn homeo-

stasis is poorly understood. The only well-characterized molecular
response to Mn in eukaryotes comes from studies in yeast—in this
system, the Mn importers Smf1p and Smf2p are stabilized during
Mn starvation and degraded under replete or toxic Mn levels (6,
7). However, protein levels of DMT1, the human homolog of
yeast Smf1p/Smf2p, have not been reported to respond to changes
in Mn levels. In mammalian systems, the understanding of Mn
homeostasis is limited to insights obtained from elegant radio-
tracer Mn elimination and tissue distribution studies in rodents
performed by Cotzias and coworkers in the 1950s and 1960s,
which suggested that changes in Mn excretion are the primary
means to control body Mn levels (8–10). However, although five
decades have passed since these studies, the underlying molecular
mechanisms remain unidentified.
Determining the homeostatic control mechanisms of Mn is

biomedically important because of the toxicity of Mn in humans.
Briefly, at elevated levels, Mn accumulates in the brain, primarily
in the basal ganglia, and induces severe, incurable neurotoxicity
that manifests as a parkinsonian-like movement disorder in adults
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and neuromotor and executive function deficits in children
(reviewed in ref. 11). Established causes of Mn neurotoxicity in-
clude elevated exposure from occupational sources in adults (e.g.,
welding, manufacture of batteries and steel, etc.) (11–13) or en-
vironmental sources in children and adolescents (e.g., drinking
water) (14–24), defective excretion due to chronic liver disease
(e.g., alcoholic cirrhosis) (25–31) because Mn is primarily excreted
by the liver (10, 32–35), or, as described below, homozygous
loss-of-function mutations in SLC30A10 or SLC39A14 (36–40).
Mn neurotoxicity due to elevated exposure or liver dysfunction is
associated with modest approximately one- to fivefold or ap-
proximately one- to sevenfold increases in brain Mn levels, re-
spectively (11), implying that Mn rapidly becomes toxic as levels
exceed the physiologic range (larger increases in tissue Mn levels
occur in patients with SLC30A10 or SLC39A14 mutations). Fur-
thermore, while Mn-induced parkinsonism is pathologically dis-
tinct from Parkinson’s disease (41, 42), elevated Mn induces
α-synuclein aggregation (43) and may enhance the risk of devel-
oping Parkinson’s disease (44). In sum, Mn neurotoxicity is an
important public health problem for which effective interventions
are urgently required, and a mechanistic understanding of Mn
homeostasis is expected to facilitate the development of viable
therapeutic strategies.
Altered expression/activity of metal transporters is a primary

mode of controlling metal homeostasis. However, until recently,
transporters critical for Mn influx and efflux in humans were
unknown, and this gap in knowledge hindered studies on Mn
homeostasis. Needed breakthroughs came over the last few years
when homozygous loss-of-function mutations in SLC30A10 or
SLC39A14 were reported to increase Mn levels in the blood and
brain and induce hereditary Mn neurotoxicity in humans (36–40),
while homozygous loss-of-function mutations in SLC39A8 were
reported to lead to the onset of hereditary Mn deficiency (45, 46).
We discovered that SLC30A10 is a cell surface–localized Mn ef-
flux transporter that transports Mn from the cytosol to the cell
exterior, reduces cellular Mn levels, and protects against Mn
toxicity (47). The efflux activity of SLC30A10 is specific to Mn
(47–49). Using full body– and tissue-specific Slc30a10 knockout
mice, we identified two critical functions of SLC30A10 at the
whole organism level—SLC30A10 localizes to the apical domain
of hepatocytes and enterocytes to mediate hepatic and intestinal
Mn excretion, and, additionally, SLC30A10 is active in the brain,
where it mediates neuronal Mn efflux to provide additional neu-
roprotection (50, 51) [note that ∼80% of the body burden of Mn is
excreted by the liver, and the intestines excrete the remaining
∼20% (10, 33)]. The role of SLC30A10 in Mn excretion was
subsequently also confirmed by another group (52). Thus, Mn

neurotoxicity upon loss-of-function of SLC30A10 is a consequence
of blocked Mn excretion and an inhibition of neuronal Mn efflux
(reviewed in refs. 11 and 53). Similar studies on SLC39A14 by
several groups identified it to be a Mn influx transporter that, at
the organism level, is essential for the transport of Mn from blood
into the liver and intestines for subsequent excretion by
SLC30A10 (50, 54–59). Thus, the loss of function of SLC39A14
also induces Mn neurotoxicity by blocking Mn excretion (reviewed
in refs. 11 and 53). Other work identified SLC39A8 to be a hepatic
Mn importer that reclaims Mn excreted into bile to prevent Mn
deficiency (60). Unlike SLC30A10, SLC39A14 and SLC39A8 also
transport other divalent metals in vitro (61), but their primary
in vivo function under physiological conditions appears to be Mn
transport. Put together, the recent studies described above es-
tablish SLC30A10, SLC39A14, and SLC39A8 as essential human
Mn transporters.
Based on the identification of SLC30A10, SLC39A14, and

SLC39A8 as indispensable Mn transporters, we hypothesized that
Mn homeostasis may be regulated by changes in these trans-
porters. Here, we test this hypothesis and define the up-regulation
of SLC30A10 in the liver and intestines to be a fundamental ho-
meostatic response to elevated Mn that protects against Mn tox-
icity. The underlying mechanism is the activation of hypoxia-
inducible factor (HIF) 1 and HIF2 due to an inhibitory effect of
elevated levels of Mn on the prolyl hydroxylation and subsequent
degradation of HIF proteins. We further show that small molecule
inhibitors of prolyl hydroxylase enzymes, which stabilize HIF
proteins, protect cells and mice against Mn toxicity. In totality, our
studies identify a central regulatory pathway for the homeostatic
control of Mn in mammals that may be leveraged for the man-
agement of Mn neurotoxicity in humans.

Results
Mn Exposure Up-Regulates SLC30A10 in the Mouse Liver or Intestine.
To test the hypothesis that Mn homeostasis may be regulated by
changes in critical Mn transporters, we exposed mice to a daily
drinking water–based Mn exposure regimen that models envi-
ronmental Mn exposure in humans (11). In consideration of
strain-specific effects, we performed this experiment in congenic
129S4/SvJaeJ or C57BL/6J mice, which are widely used in bio-
medical research. Epidemiological studies indicate that neuro-
toxicity from environmental Mn exposure primarily affects human
children and adolescents (14–24). To recapitulate exposure across
these developmentally sensitive early life periods, we dosed mice
with Mn from birth until 8 wk of age when they attain adulthood
(62) and assayed for changes in transporter expression using qRT-
PCR. Mn treatment increased levels of SLC30A10 in the liver of
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Fig. 1. Mn exposure increases SLC30A10 expression in the liver of 129S4/SvJaeJ and intestines of C57BL/6J mice. qRT-PCR analyses from indicated tissues of
129S4/SvJaeJ or C57BL/6J mice treated with vehicle or oral Mn (∼15 mg absolute Mn/kg body weight daily) from PND1 until 8 wk of age. Animals were
euthanized at 8 wk of age. For each strain, the mean expression in vehicle-treated mice was normalized to 1. n = 10 vehicle and 12 Mn for 129S4/SvJaeJ, and 7
vehicle and 8 Mn for C57BL/6J mice. Mean ± SE, *P < 0.05 by two-way ANOVA (strain and Mn treatment as independent variables) and Sidak’s post hoc test
for indicated comparisons; n.s., not significant.
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129S4/SvJaeJ but not C57BL/6J mice (Fig. 1). In contrast, there
was a Mn-induced increase in SLC30A10 levels in the intestines of
C57BL/6J but not 129S4/SvJaeJ mice (Fig. 1). The Mn regimen
did not impact expression of SLC30A10 in the brain of either strain
(Fig. 1). Hepatic and brain SLC39A14 and SLC39A8 levels were
elevated in the 129S4/SvJaeJ strain, while intestinal SLC39A14
levels were enhanced in C57BL/6J mice (SI Appendix, Fig. S1 A
and B). Intestinal SLC39A8 levels did not change in either strain
(SI Appendix, Fig. S1B). We also observed modest strain- and
organ-dependent changes in two other known Mn transporters—
SPCA1, which transports Mn and Ca from the cytosol into the
Golgi (63), and the divalent metal importer DMT1 (13)—as well as
in the Fe efflux transporter Fpn (SI Appendix, Fig. S1 C–E). We
drew two important conclusions from these animal studies: 1) the
Mn-induced up-regulation of SLC30A10 and SLC39A14 in the
digestive system may be homeostatically important, as it was de-
tected in two strains of mice, albeit in different organs; and 2)
strain-specific effects may make it challenging to interpret rodent
studies of Mn homeostasis; instead, a comprehensive mechanistic
understanding of the homeostatic control of Mn using disease-
relevant culture models was necessary before well-controlled ani-
mal studies could be designed.

Mn Transcriptionally Up-Regulates SLC30A10. Based on the above,
we utilized cell-based systems for subsequent studies. We used
human-derived HepG2 hepatic cells for detailed assays because
1) the liver is the primary organ that excretes Mn, 2) a robust
Mn-induced increase in hepatic SLC30A10 and SLC39A14 was
detected in 129S4/SvJaeJ mice (Fig. 1 and SI Appendix, Fig.
S1A), and 3) HepG2 cells express SLC30A10 and SLC39A14 and
are amenable to genetic manipulation. Subsequently, we used pri-
mary human hepatocytes to validate key findings (see Fig. 9 later).
In HepG2 cells, Mn treatment significantly elevated SLC30A10
but not SLC39A14 levels (SI Appendix, Table S1). Dose–response
experiments revealed that SLC30A10 levels were elevated in
cultures exposed to levels of Mn as low as 62.5 μM (Fig. 2A),
which produced intracellular Mn levels equivalent to ∼0.1 pg/cell
(compared to ∼1 fg/cell in vehicle-treated control cells) (Fig. 2B).

Time course assays showed that Mn rapidly up-regulated
SLC30A10 with statistically significant increases evident within 2
h, and levels returned to baseline by 24 h (Fig. 2C). Immunoblot
analyses confirmed that Mn increased SLC30A10 protein levels
(Fig. 2D). Overall, these results 1) identify the up-regulation of
SLC30A10 to be a primary response to elevated Mn exposure in
hepatic systems in vitro, 2) indicate that SLC30A10 expression is
highly sensitive to cellular Mn levels, with increases in Mn causing
rapid elevations in SLC30A10, and 3) are consistent with the ef-
fects of Mn on SLC30A10 expression observed in preceding
mouse studies.

SLC30A10 Is Transcriptionally Up-Regulated by Mn, and a Hypoxia
Response Element in the SLC30A10 Promoter Is Required. We then
focused on elucidating the mechanisms of the Mn-induced up-
regulation of SLC30A10 (we did not further pursue effects of Mn
on SLC39A14 because of the lack of an Mn-induced elevation in
cell culture). Pretreatment with the transcription inhibitor actino-
mycin D (64) blocked the increase in SLC30A10 messenger RNA
(mRNA) after Mn exposure in HepG2 cells (Fig. 3A), indicating
that transcriptional activity was required for the SLC30A10 re-
sponse and raising the hypothesis that SLC30A10 gene expression
may be transcriptionally up-regulated by elevated Mn. To test this,
we first used a promoter–reporter approach. We fused the pro-
moter of SLC30A10 (nucleotides −679 to +211 relative to the start
of transcription of SLC30A10 gene) upstream of the luciferase
gene (this construct is referred as SLC30A10−679 to +211luc)
(Fig. 3B) and used lentivirus to generate HepG2 cells that stably
expressed this construct. Treatment with Mn increased luciferase
activity in cells expressing SLC30A10−679 to +211luc, while as
expected, there was no change in cells expressing a luciferase-
only control construct (Fig. 3 B and C). Thus, the promoter of
SLC30A10 contains a sequence element that responds to elevated
Mn by increasing downstream gene transcription. To identify
this sequence element, we deleted aspects of the promoter in
SLC30A10−679 to +211luc (Fig. 3B), stably infected HepG2 cells
with the generated constructs, and repeated the luciferase assay.
The Mn-induced increase in luciferase activity was evident in cells
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Fig. 2. Mn up-regulates SLC30A10 expression in HepG2 cells. (A–C) qRT-PCR analyses (A and C) or intracellular Mn levels (B). In A and B, Mn treatment was
for 4 h at indicated concentrations. In C, Mn was used at 250 μM for indicated times. Expression without Mn treatment is normalized to 1 in A and C. n = 3 for
A and C, and n = 4 for B. Mean ± SE, *P < 0.05 by one-way ANOVA and Dunnett’s post hoc test for the comparison between no Mn and other conditions. (D)
Immunoblot assays after treatment with 250 μM Mn for indicated times.
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expressing SLC30A10−679 to −12luc or SLC30A10−679 to −210luc but
not SLC30A10−679 to −449luc (Fig. 3 B and C), suggesting that
residues −448 to −210 contained the Mn-responsive element.
Indeed, SLC30A10Δ−448 to −210luc failed to respond to Mn, while
SLC30A10−448 to −210luc exhibited a robust response (Fig. 3 B and
C). Thus, residues −448 to −210 of the SLC30A10 promoter are
required and sufficient to mediate the Mn-induced increase in
transcription. Through a subsequent set of deletion analyses, we
refined the required and sufficient sequence to residues −368
to −210 in the SLC30A10 promoter (Fig. 3 B and C). Bio-
informatic analyses using the PROMO-ALGGEN algorithm (65,
66) revealed that the −368 to −210 region contained putative
binding sites for C/EBPB, YY1, RXR-α, HIF, P53, and c-Jun
transcription factors. The expression of dominant-negative ver-
sions of C/EBPB, YY1, RXR-α, P53, or c-Jun did not affect the
Mn-induced up-regulation of SLC30A10 mRNA (SI Appendix,
Fig. S2A). As a positive control, we verified that the dominant-
negative mutants produced expected changes in the expression of
their known target genes (67–71)—an increase in MAP1LC3B,
CDKN1A, or CYP7A1 mRNA with dominant-negative c-Jun,
C/EBPB, or RXR-α, respectively, and a decrease in CDK6 or
PUMA mRNA with dominant-negative YY1 or P53, respectively
(SI Appendix, Fig. S2B). Thus, the Mn-induced up-regulation of
SLC30A10 is independent of C/EBPB, YY1, RXR-α, P53, and
c-Jun. We could not use a dominant-negative approach to inhibit
HIF (see knockdown studies in the next section). Instead, we
deleted the only hypoxia response element within the −368 to
−210 region of the SLC30A10 promoter [5′RCGTG (72)], which
is the binding site for HIF transcription factors (Fig. 3D), and
repeated the luciferase assay. Importantly, the deletion of this
hypoxia response element abolished the Mn-induced increase in

luciferase activity (Fig. 3E). In totality, Mn transcriptionally up-
regulates SLC30A10, and a hypoxia response element in the
promoter of SLC30A10 is required.

Transcriptional Activity of HIF1 or HIF2 Is Required and Sufficient to
Increase SLC30A10 Expression after Mn Exposure. The above results
suggested that HIF transcription factors likely mediate the Mn-
induced up-regulation of SLC30A10. HIFs are heterodimeric
transcription factors formed by the association of an α subunit,
the most well studied of which are HIF1-α or HIF2-α, with a
common β subunit (HIF1-β/ARNT) (72). The transcriptionally
active moieties are named after the α subunits. Both HIF1 and
HIF2 bind the canonical hypoxia response element (73). Under
normoxic conditions, HIF-α subunits are rapidly hydroxylated by
prolyl hydroxylases, subsequently bound by the von Hippel–
Lindau (VHL) protein complex, ubiquitinated, and targeted for
proteasomal degradation (72, 74). Hypoxia inhibits prolyl hy-
droxylases, leading to an increase in HIF1-α or HIF2-α protein
levels and allowing for the formation of transcriptionally active
heterodimeric complexes with HIF1-β/ARNT (72, 74). Notably,
elevated levels of divalent metals also inhibit prolyl hydroxylases,
which are Fe-containing enzymes, and increase HIF1-α protein
levels as well as HIF1-dependent transcription (75–81). The
precedent for the hypoxia-mimetic effect of metals provided
further support for the hypothesis that elevated Mn may induce
SLC30A10 expression by activating HIFs. However, before di-
rectly testing this hypothesis, it was essential to confirm that
HIFs were indeed activated in our experimental system. We
observed that treatment with Mn increased protein levels of
HIF1-α and HIF2-α in HepG2 cells (Fig. 4 A–C). The increase
was evident at 4 h and returned to baseline by 24 h (Fig. 4 A–C),
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similar to the time course of the SLC30A10 response (Fig. 2).
Furthermore, HIF1-α and HIF2-α were detected in the nucleus
of Mn-treated cells (Fig. 4D), which is necessary for transcrip-
tional activity. Finally, Mn also enhanced expression of VEGF
(SI Appendix, Table S1), a canonical HIF1 target gene (72).
These findings indicated that Mn treatment activated HIF tran-
scription factors and, combined with the luciferase reporter assays,
provided strong justification to test for the requirement of HIF1 or
HIF2 for the Mn-induced SLC30A10 response.
To test for the role of HIF1 or HIF2, we used a lentivirus-

based short hairpin RNA (shRNA) system to stably knockdown
HIF1-α or HIF2-α in cells. Both shRNAs significantly depleted
the targeted gene product (SI Appendix, Table S2); a compen-
satory increase in HIF1-α mRNA was detected with HIF2-α
knockdown (SI Appendix, Table S2). However, despite efficient
knockdown, the Mn-induced elevation of VEGF or SLC30A10
was only modestly attenuated (Fig. 5 A and B). The lack of a
strong inhibitory effect of knockdown of either gene product
could be due to redundancy. To test this, we depleted the common
HIF1-β/ARNT subunit using two separate shRNAs. Each shRNA
had a knockdown efficiency of ∼50% (SI Appendix, Table S2), and
each shRNA partially inhibited the Mn-induced elevation of
VEGF and SLC30A10 by ∼50 to 60% relative to scramble (Fig.
5C). The failure of HIF1-β/ARNT knockdown to also completely
abolish the SLC30A10 response could be a consequence of in-
complete knockdown or indicate that another transcription factor
was involved. Therefore, in subsequent experiments, we generated
HIF1-α and HIF2-α double-knockdown cells by performing se-
quential lentiviral infections. The knockdown efficiency of HIF1-α
was ∼80% and of HIF2-α was ∼65% (SI Appendix, Table S2).
Notably, the ability of Mn to enhance SLC30A10 expression was
very strongly repressed in the double-knockdown cells, and rela-
tive to scramble shRNA, the Mn-induced increase of SLC30A10
was inhibited by ∼90% in the double-knockdown cells (Fig. 5D). A
similar strong inhibition of the Mn-induced elevation of VEGF
was also observed (Fig. 5D). For further validation, we used the
small molecule LW6, which degrades HIF-α subunits by inducing
expression of VHL (82). Importantly, LW6 treatment robustly
blocked the Mn-induced up-regulation of SLC30A10 and VEGF
(Fig. 5E), and furthermore, LW6 also abolished the Mn-induced
increase in the activity of the SLC30A10 promoter luciferase

reporter (Fig. 5F). Put together, data from the knockdown and
LW6 assays indicate that activity of HIF1 or HIF2 is obligatorily
required for the Mn-induced up-regulation of SLC30A10. Finally,
the expression of VHL-insensitive versions of mouse HIF1-α or
HIF2-α that could not get prolyl hydroxylated and were therefore
expressed at high levels under normoxic conditions increased
SLC30A10 levels independent of Mn exposure (Fig. 5G), implying
that the activity of either HIF1 or HIF2 is sufficient to up-regulate
SLC30A10. Overall, our results indicate that the Mn-induced
transcriptional up-regulation of SLC30A10 is mediated by HIF1
and HIF2 in a redundant manner.

Mn Inhibits the Prolyl Hydroxylation of HIF-α Subunit. To elucidate
the mechanism by which Mn increased HIF-α protein levels, we
assayed for changes in HIF1-α prolyl hydroxylation in HepG2
cells because 1) metals are known inhibitors of the prolyl hy-
droxylation of HIF-α subunits (77–80); 2) although Mn increased
HIF1-α or HIF2-α protein levels by 4 h (Fig. 4A), levels of HIF1-
α or HIF2-α mRNA were not elevated at this time point (Fig.
6A), suggesting that the increase in HIF1-α and HIF2-α protein
was posttranslational; and 3) a specific and sensitive antibody
against human hydroxyprolyl HIF1-α was available. Since prolyl
hydroxylated HIF1-α is rapidly degraded in the proteasome (72,
74), the assay was performed with or without treatment with the
proteasome inhibitor MG132. In the absence of MG132, prolyl
hydroxylated HIF1-α was not detected irrespective of Mn
treatment (Fig. 6B), but similar to results in Fig. 4A, total HIF1-α
levels were elevated after Mn treatment (Fig. 6B). Proteasome
inhibition led to the accumulation of prolyl hydroxylated HIF1-α
in cells that had not been exposed to Mn (Fig. 6B). Importantly,
however, signals for prolyl hydroxylated HIF1-α were substan-
tially lower in the Mn-treated condition, and total HIF1-α levels
of Mn-treated cells were greater than in those not treated with
Mn (Fig. 6B). Finally, levels of prolyl hydroxylase domain 2
(PHD2), the primary enzyme that hydroxylates HIF-α subunits
(74), were elevated in Mn-treated cells (Fig. 6A), ruling out the
possibility that the observed reduction in prolyl hydroxylation of
HIF1-α was a consequence of a decrease in prolyl hydroxylase
gene expression. Thus, Mn inhibits prolyl hydroxylation of HIF-α
subunits, which increases HIF-α protein levels and induces HIF-
dependent transcription.
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The Mn-Induced Up-Regulation of SLC30A10 Is a Critical, Homeostatic
Protective Response. To determine the physiological relevance of
the Mn-induced increase in SLC30A10, we compared intracel-
lular metal levels and the viability of HIF1-β/ARNT knockdown
HepG2 cells, in which the SLC30A10 response is inhibited, with
controls. As both HIF1-β/ARNT shRNAs were equally effective
in inhibiting the SLC30A10 response (Fig. 5C), the metal mea-
surement and viability assays were performed using only one
shRNA. Under basal conditions, Mn levels of the knockdown

cells were comparable to scramble shRNA-infected control
(Fig. 7A). However, after Mn treatment, Mn levels in HIF1-
β/ARNT knockdown cells were higher than controls (Fig. 7A).
Levels of other metals (Fe, Cu, and Zn) were unaltered (SI
Appendix, Fig. S3). Furthermore, HIF1-β/ARNT knockdown
cells were more sensitive to Mn-induced death (Fig. 7B). These
results suggest that the up-regulation of SLC30A10 is a critical
homeostatic response to elevated Mn exposure that reduces in-
tracellular Mn levels and protects against Mn toxicity.
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Fig. 5. HIF1 or HIF2 are required and sufficient for the Mn-induced up-regulation of SLC30A10 expression. (A–D) qRT-PCR analyses in HepG2 cells stably
expressing shRNAs with a scrambled sequence or targeting HIF1-α (A), HIF2-α (B), HIF1-β/ARNT (C), or HIF1-α and HIF2-α (D) and treated with or without 250
μM Mn for 4 h. Scramble shRNA sequence 1 was used for experiments with HIF1-α shRNA (A) while scramble shRNA sequence 2 was used for the other
experiments (B–D). For each infection condition, expression without Mn was normalized to 1. n = 3 to 4. Mean ± SE, *P < 0.05 by Student’s t test (A, B, and D)
or one-way ANOVA and Dunnett’s post hoc test for the comparison between scramble shRNA and other groups (C). (E) qRT-PCR in HepG2 cells treated with or
without 10 μM LW6 for 1 h followed by exposure to 0 or 250 μM Mn for 4 h. For cells that did or did not receive LW6, expression without Mn was separately
normalized to 1. n = 5. Mean ± SE, *P < 0.05 by Student’s t test. (F) Relative normalized luciferase activity in cells stably expressing SLC30A10−368 to −210luc
after treatment with or without 10 μM LW6 for 1 h followed by 0 or 250 μM Mn for 16 h. For cells that did or did not receive LW6, separately, luciferase
activity was measured with or without Mn treatment, normalized to protein concentration, and the value for the group without Mn treatment was expressed
as 1. n = 3. Mean ± SE, *P < 0.05 by Student’s t test. (G) qRT-PCR analyses in control HepG2 cells or cells stably expressing VHL-insensitive mouse HIF1-α or HIF2-
α. Expression in control-infected cells was normalized to 1. n = 3. Mean ± SE, *P < 0.05 by one-way ANOVA and Dunnett’s post hoc test for comparisons
between control and other groups.
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Prolyl Hydroxylase Inhibitors Protect Cells against Mn Toxicity.
Roxadustat, vadadustat, and molidustat are small molecule inhib-
itors of prolyl hydroxylases that have completed, or are in, ad-
vanced clinical trials for the treatment of renal anemia (83–86). By
inhibiting prolyl hydroxylase enzymes, these compounds increase
HIF-α protein and activate HIF-dependent transcription (83–86).
Our discovery that SLC30A10 is up-regulated by HIF1/HIF2
raised the hypothesis that prolyl hydroxylase inhibitors may induce
SLC30A10 expression, reduce Mn levels, and protect against Mn
toxicity. In HepG2 cells, roxadustat or vadadustat increased levels
of HIF1-α and HIF2-α protein (Fig. 8A) and enhanced expression
of SLC30A10 in a concentration- and time-dependent manner
(Fig. 8 B and C). Furthermore, while roxadustat or vadadustat did
not impact intracellular Mn in cells not exposed to Mn, under
conditions of elevated Mn exposure, intracellular Mn levels of cells
treated with roxadustat or vadadustat were significantly lower than
controls (Fig. 8D). The levels of other metals (Fe, Cu, and Zn)
were not altered by drug treatment (SI Appendix, Fig. S4), indi-
cating that the effect was specific to Mn. Roxadustat or vadadustat
also protected cells against Mn-induced cell death (Fig. 8E).
Similar results were obtained with molidustat (SI Appendix, Fig.
S5 A–C). Thus, prolyl hydroxylase inhibitors increase SLC30A10
expression, reduce intracellular Mn levels, and protect cells against
Mn toxicity.

Validation of Results in Primary Human Hepatocytes. To validate the
physiological relevance of results obtained in HepG2 cells, we
performed confirmatory assays in primary human hepatocytes.
Importantly, in the primary system, treatment with Mn increased
VEGF or SLC30A10 expression, and this increase was inhibited
by the HIF inhibitor LW6 (Fig. 9A). Additionally, treatment with
roxadustat or vadadustat also increased VEGF or SLC30A10
expression (Fig. 9B). These results validate the primary conclu-
sions of findings from HepG2 cells and indicate that Mn in-
creases SLC30A10 expression in a HIF-dependent manner in
primary hepatocytes.

Roxadustat Protects Mice against Mn Neurotoxicity. Based on the
compelling cell culture data, we expanded our analyses to mice
and performed a proof-of-principle protection experiment using
roxadustat. We used C57BL/6J mice for this assay because 1)
neurobehavioral outcomes are well characterized in this strain,
2) we observed that roxadustat treatment increased intestinal
SLC30A10 levels in these animals (Fig. 10A), and 3) similar to an
increase in hepatic SLC30A10, increased intestinal SLC30A10 is
expected to enhance Mn excretion. We assayed for neurological
function using the open-field test. The first 5-min interval of the
test provides information about behavioral reactivity and ex-
ploratory behavior of rodents in a novel environment and in-
creases in activity in this interval may be indicative of anxiety-like

disorders. The succeeding 10-min interval is a measure of the
generalized locomotor activity of the animals and decreases in
this interval are indicative of neuromotor deficits. There were no
differences between groups in the first 5-min interval (Fig. 10B).
In the 6- to 15-min interval, consistent with a neuromotor dys-
function, animals exposed to Mn only exhibited reduced vertical
(i.e., rearing) movement than vehicle-treated controls (Fig. 10B).
Importantly, this hypolocomotor phenotype was not detected in
mice treated with Mn and roxadustat (Fig. 10B), and addition-
ally, roxadustat treatment by itself did not impact activity (Fig.
10B). Tissue metal measurements performed after the comple-
tion of the neurobehavioral test revealed that, as expected, there
was a main effect of Mn treatment in increasing brain Mn levels
(Fig. 10C), and a trend toward an increase in blood Mn was also
evident (Fig. 10C). Notably, there was a main effect of roxadu-
stat in reducing brain Mn levels (Fig. 10C), providing an expla-
nation for the neuroprotective effect of roxadustat in the open-
field test. Changes in Mn were specific because levels of other
metals (Fe, Cu, and Zn) were not impacted by Mn exposure or
roxadustat treatment (SI Appendix, Fig. S6). Roxadustat did not
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impact brain SLC30A10 levels (Fig. 10A), suggesting that the
protective effect of roxadustat against Mn neurotoxicity was
unlikely to be a consequence of a direct reduction of brain Mn
levels by elevations in SLC30A10 and instead more likely to be
reflective of an increase in Mn excretion. Overall, roxadustat
reduces brain Mn levels and protects against Mn neurotoxicity,
suggesting that it may be useful for the treatment of neurological
disease induced by Mn in humans.

Discussion
Prior knowledge about homeostatic responses to Mn in mam-
mals was primarily derived from radiotracer Mn elimination and
distribution assays performed in rodents in the 1950s to 60s. A

particularly important finding was that increased oral delivery of
Mn by dietary supplementation enhanced the excretion of par-
enterally injected radioactive Mn (8–10). This and other related
results suggested that body Mn levels are primarily controlled by
changes in Mn excretion, with excretion increasing upon elevated
Mn exposure (8–10). However, the molecular mechanisms were
unclear, largely because transporters that control Mn levels in
humans had not been identified until recently. Our current find-
ings characterize the up-regulation of the Mn efflux transporter
SLC30A10, which mediates Mn excretion (11, 47, 50, 51), in the
liver and intestines to be a central protective response to elevated
Mn exposure. The Mn-induced up-regulation of SLC30A10 pro-
vides a pathway to enhance Mn excretion and reduce Mn levels
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during Mn toxicity. These results are consistent with, and establish
a molecular framework to contextualize, the historic radiotracer
Mn elimination studies.
In humans, elevated exposure to Mn primarily occurs via in-

halation in occupational settings or orally via drinking water
because of environmental contamination (11). The oral Mn ex-
posure regimen we utilized modeled human environmental Mn
exposure (11). This regimen elevated SLC30A10 levels in the liver
of 129S4/SvJaeJ and intestines of C57BL/6J mice but not the brain
of either strain. The lack of an effect in the brain in our studies
may be a consequence of the physiology of Mn absorption and

excretion with the liver/intestines, but not the brain, experiencing
repeated Mn fluxes because of enterohepatic circulation. Addi-
tionally, there are striking genetic differences between congenic
mouse strains (87, 88), and strain background is a well-established
modulator of phenotypic outcomes (89, 90). As an example rele-
vant to metal homeostasis, strain background strongly influences
the severity of Fe accumulation in the Hfe knockout mouse model
of hereditary hemochromatosis (91). Our results imply that ge-
netic background also needs to be carefully considered when
mouse studies of Mn homeostasis and neurotoxicity are designed.
While determining the genomic basis of phenotypic divergence in
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congenic mouse strains is daunting, the emergence of such infor-
mation for our findings in the future may provide insights into the
homeostatic control and toxicity mechanisms of Mn.
Mn increased SLC30A10 expression by stabilizing HIF1-α and

HIF2-α protein and activating HIF1/HIF2-dependent transcrip-
tion. The underlying mechanism was an Mn-induced block in the
prolyl hydroxylation of HIF-α subunits. As expression of the
major human prolyl hydroxylase enzyme, PHD2, was not atten-
uated by Mn, it is likely that Mn inhibited the enzymatic activity
of prolyl hydroxylase enzymes. This hypothesis is consistent with
the known inhibitory effect of divalent metals on prolyl hydrox-
ylases in other model systems (76–81). Prolyl hydroxylases are
Fe-containing enzymes that utilize α-ketoglutarate as a cosub-
strate and ascorbate as a cofactor (72, 74, 75). Mn may inhibit
enzyme activity by direct binding (either replacing the required
Fe or binding at another site) and/or indirectly altering cellular
Fe, ascorbate, or α-ketoglutarate levels. Investigating whether
Mn induces any of these possible effects in disease-relevant he-
patic/intestinal systems and under Mn treatment conditions that
model human exposure is an important next step.
The discovery that Mn activates HIF1/HIF2 to up-regulate

SLC30A10 raises a few other important issues. First, the acti-
vation of HIF1/HIF2-mediated transcription may be an integral
component of the homeostatic control of Mn as well as the
pathobiology of Mn neurotoxicity in humans exposed to Mn.
Suggestive evidence of HIF activation in patients with hereditary
Mn neurotoxicity because of SLC30A10mutations already exists.
These patients exhibit polycythemia, which is likely secondary to
observed elevations in erythropoietin expression (37), and eryth-
ropoietin expression is regulated by HIF1 and induced by hypoxia
or Mn (92). Second, determining whether HIF1 and HIF2 are
truly redundant in mediating the SLC30A10 response at the or-
ganism level or whether the requirement of these factors depends
on life stage, nature of Mn exposure, or cell type is critical. Third,
recent epidemiological studies identified widely prevalent single
nucleotide polymorphisms (SNPs) in SLC30A10 associated with
tissue Mn levels and neurological function in the general pop-
ulation (93, 94). Detailed analyses are necessary to determine
whether previously studied or as yet uncharacterized SNPs in
SLC30A10 or HIF genes modulate the Mn-induced up-regulation
of SLC30A10 in a manner that impacts the risks and outcomes of
Mn neurotoxicity. Finally, vitamin D3 and bile acids were recently
reported to induce expression of SLC30A10 in the intestines
(95–97). Intestinal Mn excretion requires SLC30A10, and avail-
able evidence suggests that the role of the intestines in regulating
systemic Mn levels gains prominence when the excretion of Mn by
the liver is compromised or saturated (10, 33, 51). Therefore,
studying the crosstalk between Mn/HIF, vitamin D3, and bile
acid–mediated regulation of SLC30A10, especially under condi-
tions of elevated Mn exposure, is essential to obtain a compre-
hensive understanding of Mn homeostasis at the organism level.
Definitive treatments are not available for Mn neurotoxicity.

Bringing a new drug into clinical use is challenging, and the
likelihood of success is higher if an existing drug can be

repurposed. We discovered that prolyl hydroxylase inhibitors
increase SLC30A10 levels and protect cells and mice against Mn
toxicity. These molecules activate HIF-dependent transcription
by stabilizing HIF-α subunits; are in, or have completed, ad-
vanced clinical trials for renal anemia; and one compound,
roxadustat, is already approved for human use in China (83–86).
Notably, our work indicates that prolyl hydroxylase inhibitors
protect against Mn neurotoxicity by increasing Mn excretion. An
inherent implication is that these drugs will not need to cross the
blood–brain barrier for efficacy, which substantially enhances the
possibility of therapeutic effectiveness. Thus, our findings iden-
tify prolyl hydroxylase inhibitors as promising pharmacological
candidates for the management of Mn neurotoxicity.

Methods
Experimental procedures are described in detail in SI Appendix and briefly
summarized below.

Animal Experiments. All animal experiments were approved by the Institutional
Animal Care and Use Committee of the University of Texas at Austin. We used a
well-established drinking water–based Mn exposure regimen that models human
environmental Mn exposure (reviewed in our ref. 11). A detailed explanation of
the justification of using this regimen to model human Mn exposure is provided
in SI Appendix. Mice received ∼50 mgMnCl2.4H2O/kg body weight daily (∼15 mg
absolute Mn/kg per day) from birth until 8 wk of age. For preweaning exposure,
Mn was delivered by pipette directly into the mouth, and after weaning, Mn was
delivered in drinking water. See SI Appendix for procedural details.

For roxadustat assays in mice, animals were treated with or without
roxadustat (10 mg/kg daily i.p.) and/or oral Mn for 4 wk from ∼4 wk of age.
For these assays, animals received a higher level of Mn (∼30 mg absolute
Mn/kg daily) because exposure was initiated after weaning. Again, see SI
Appendix for detailed procedures and justifications.

Cell Culture and Drug Treatments. HepG2 and 293T cells were cultured using
standard procedures (details in SI Appendix). Human primary hepatocytes
were obtained from XenoTech (catalog no. HPCH10+) and grown using
procedures given by the supplier. The concentrations of drugs used in cell
culture are provided in individual figure legends.

Lentiviral Infections. Luciferase constructs, dominant-negative plasmids, and
shRNAs (sequences in SI Appendix, Table S3) were introduced into cells using
a third-generation lentivirus system that we have described previously (49, 98).

Other Procedures. qRT-PCR (see SI Appendix, Table S4 for primer sequences),
inductively coupled plasma mass spectrometry, neurobehavioral assays using
the open-field test, immunofluorescence microscopy, cell viability assays, and
immunoblots were performed essentially as described by us previously (47, 50,
51, 99). Luciferase assays were performed using the Luciferase Assay System Kit
(Promega) and normalized to protein (Bio-Rad Protein Assay Dye, no.
5000006). The Prism 8 software (GraphPad) was used for statistical analyses.
Statistical tests and sample size are provided in individual figure legends.

Data Availability.All study data are included in the article and/or SI Appendix.
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