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(57) ABSTRACT

Disclosed is a method for treating manganese (manganese)
toxicity in a subject. The method includes administering to
the subject an effective amount of a hypoxia inducible factor
(HIF) prolyl hydroxylase inhibitor or a pharmaceutically
acceptable salt or solvate thereof.

Specification includes a Sequence Listing.
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METHOD TO TREAT MANGANESE
TOXICITY AND MANGANESE-INDUCED
PARKINSONISM IN HUMANS

[0001] The present application claims the benefit of pri-
ority to U.S. Provisional Patent Application No. 63/233,026,
filed Aug. 13, 2021, the entire contents of which is hereby
incorporated by reference in its entirety.

STATEMENT REGARDING FEDERALLY
SPONSORED RESEARCH OR DEVELOPMENT

[0002] This invention was made with government support
Grant no. RO1 ES024812 and R01 ES031574 awarded by
the National Institutes of Health. The government has cer-
tain rights in the invention.

BACKGROUND OF THE INVENTION

1. Field of the Invention

[0003] The invention generally concerns composition and
methods for treating manganese (manganese) toxicity.

II. Background

[0004] 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 deficiency or toxicity. For several essential metals,
there are known sophisticated homeostatic pathways that
respond to changes in metal levels and adjust metal influx or
efflux in a cell- or tissue-specific manner. For example,
production of the liver hormone hepcidin increases during
iron overload, which induces degradation of the iron efflux
transporter ferroportin (Fpn) in iron-exporting cells (e.g.,
enterocytes, macrophages etc.) to inhibit further release of
iron into plasma (1), and the copper efflux transporter
ATP7B relocalizes from the trans Golgi network to cyto-
plasmic vesicles and the apical plasma membrane of hepa-
tocytes to increase copper excretion during excess (2).
Dysfunctions in the pathways that regulate metal homeosta-
sis often cause disease. Hepcidin deficiency causes heredi-
tary hemochromatosis characterized by elevated iron levels
in the body (1), and ATP7B mutants that fail to traffic in
response to copper are associated with Wilson’s disease and
copper toxicity (3, 4). Further, insights obtained from studies
on metal homeostasis have promoted drug discovery—e.g.,
drugs that target the hepcidin-Fpn response are in clinical
trials for treatment of iron metabolism diseases (5). Overall,
elucidating the homeostatic control mechanisms that modu-
late levels of essential metals in human-relevant model
systems is essential to understand the pathobiology of, and
develop treatments for, metal-induced diseases.

[0005] Unlike other essential metals, regulation of man-
ganese homeostasis is poorly understood. The only well-
characterized molecular response to manganese in eukary-
otes comes from studies in yeast—in this system, the
manganese importers Smflp and Smf2p are stabilized dur-
ing manganese starvation and degraded under replete or
toxic manganese levels (6, 7). However, protein levels of
DMT1, the human homolog of yeast Smflp/Smf2p, have not
been reported to respond to changes in manganese levels. In
mammalian systems, understanding of manganese homeo-
stasis is limited to insights obtained from elegant radiotracer
manganese elimination and tissue distribution studies in
rodents performed by Cotzias and coworkers in the 1950s

Mar. 30, 2023

and 1960s, which suggested that changes in manganese
excretion are the primary means to control body manganese
levels (8-10). But, although five decades have passed since
these studies, the underlying molecular mechanisms remain
unidentified.

[0006] Determining the homeostatic control mechanisms
of manganese is biomedically important because of the
toxicity of manganese in humans. Briefly, at elevated levels,
manganese accumulates in the brain, primarily in the basal
ganglia, and induces severe, neurotoxicity that manifests as
a parkinsonian-like movement disorder in adults and neu-
romotor and executive function deficits in children (re-
viewed in (11)). Established causes of manganese neurotox-
icity include elevated exposure from occupational sources in
adults (e.g., welding, manufacture of batteries and steel etc.)
(11-13) or environmental sources in children and adoles-
cents (e.g., drinking water) (14-24), defective excretion due
to chronic liver disease (e.g. alcoholic cirrhosis) (25-31)
because manganese is primarily excreted by the liver (10,
32-35), or, as described below, homozygous loss of function
mutations in SLC30A10 or SLC39A14 (36-40). Manganese
neurotoxicity due to elevated exposure or liver dysfunction
is associated with modest ~1-5 fold or ~1-7 fold increases in
brain manganese levels respectively (11), implying that
manganese rapidly becomes toxic as levels exceed the
physiologic range (larger increases in tissue manganese
levels occur in patients with SLC30A10 or SLC39A14
mutations). Furthermore, while manganese-induced parkin-
sonism is pathologically distinct from Parkinson’s disease
(41, 42), elevated manganese induces a-synuclein aggrega-
tion (43) and may enhance the risk of developing Parkin-
son’s disease (44). In sum, manganese toxicity and neuro-
toxicity is an important public health problem, and currently,
definitive treatments are not available for manganese toxic-

ity.
SUMMARY OF THE INVENTION

[0007] A discovery has been made that provides a solution
to at least one of the aforementioned problems associated
with treating manganese toxicity. In one aspect, the solution
includes administering to a subject in need thereof, an
effective amount of a hypoxia inducible factor (HIF) prolyl
hydroxylase inhibitor and/or a pharmaceutically acceptable
salt and/or solvate thereof. As shown in Example 1, the
Inventors have found that upregulation of SLC30A10 is a
homeostatic protective response against manganese toxicity;
transcriptional activities of hypoxia inducible factors (HIF),
such as HIF1 or HIF2 can upregulate of SLC30A10 and
increase SLC30A10 expression; and inhibition of the prolyl
hydroxylation of HIFc subunit can stabilize HIF proteins.
As shown in Example 2 in a non-limiting manner, it was
further found that the small molecule HIF prolyl hydroxy-
lase inhibitors protects against manganese toxicity. Without
wishing to be limited by theory, it is believed that HIF prolyl
hydroxylase inhibitors can stabilize and/or activate hypoxia
inducible factor(s), which can upregulate SLC30A10 gene,
which in turn can increase manganese excretion and reduce
cellular and organismal manganese levels, thereby protect-
ing against manganese toxicity.

[0008] Certain aspects are directed to a method for treating
manganese (Mn) toxicity in a subject. The method can
include administering to the subject an effective amount of
a hypoxia inducible factor (HIF) prolyl hydroxylase inhibi-
tor and/or a pharmaceutically acceptable salt and/or solvate
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thereof. The HIF prolyl hydroxylase inhibitor can be dapro-
dustat, desidustat, enarodustat, molidustat, roxadustat, vada-
dustat, or any combinations thereof. In some aspects, the
HIF prolyl hydroxylase inhibitor is molidustat, roxadustat,
vadadustat, or any combinations thereof. In some particular
aspects, the HIF prolyl hydroxylase inhibitor is daprodustat.
In some particular aspects, the HIF prolyl hydroxylase
inhibitor is desidustat. In some particular aspects, the HIF
prolyl hydroxylase inhibitor is enarodustat. In some particu-
lar aspects, the HIF prolyl hydroxylase inhibitor is molidu-
stat. In some particular aspects, the HIF prolyl hydroxylase
inhibitor is roxadustat. In some particular aspects, the HIF
prolyl hydroxylase inhibitor is vadadustat. In some aspects,
the subject has manganese-induced neurotoxicity. In some
aspects, the subject is at a risk of developing manganese-
induced neurotoxicity. In some aspects, the method can be
used to treat manganese-induced neurotoxicity. In some
aspects, the subject has manganese-induced parkinsonism.
In some aspects, the subject is at a risk of developing
manganese-induced parkinsonism. In some aspects, the
method can be used to treat manganese-induced parkinson-
ism. In certain aspects, the subject has cirrhosis. In certain
aspects, the subject has an increased manganese concentra-
tion in one or more tissues and/or organs when compared to
a standard. The one or more tissues and/or organs can
include but not limited to blood, brain, liver, bone, and
intestine. In certain aspects, the subject has an increased
blood manganese concentration when compared to a stan-
dard. In certain aspects, the subject has a blood manganese
concentration greater than 7 pg/L.. In some aspects, the
subject has an increased bone manganese concentration
when compared to a standard. In some aspects, the subject
has an increased liver manganese concentration when com-
pared to a standard. In some aspects, the subject has an
increased brain manganese concentration when compared to
a standard. In some aspects, the subject has an increased
intestine manganese concentration when compared to a
standard. For the respective organs, the standard can be a
known standard, or previous standard established for the
subject. In some aspects, the subject has manganese depo-
sition in the liver and/or brain. In some aspects, manganese
concentration in the basal ganglia of the subject is higher,
compared to manganese concentration in other areas of the
brain. In some aspects, the subject has neuronal degenera-
tion at the basal ganglia, or is at a risk of developing
neuronal degeneration at the basal ganglia. In some aspects,
the subject has homozygous loss of function mutations in the
SLC30A10 gene and/or the SLC39A14 gene. In some
aspects, the subject has single nucleotide polymorphism in
the SLC30A10 gene. In some aspects, the subject has
SLC39A14 deficiency in the brain, liver, and/or intestine. In
some aspects, the subject has increased expression of
SLC30A10 in the brain, liver, and/or intestine. The HIF
prolyl hydroxylase inhibitor or a pharmaceutically accept-
able salt or solvate thereof can be administered orally,
intravenously, parenterally, subcutaneously, or intramuscu-
larly. The subject can be human.

[0009] Throughout this application, the term “about” is
used to indicate that a value includes the inherent variation
of error for the measurement or quantitation method.

[0010] The use of the word “a” or “an” when used in
conjunction with the term “comprising” may mean “one,”
but it is also consistent with the meaning of “one or more,”
“at least one,” and “one or more than one.”
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[0011] The phrase “and/or” means “and” or “or”. To
illustrate, A, B, and/or C includes: A alone, B alone, C alone,
a combination of A and B, a combination of A and C, a
combination of B and C, or a combination of A, B, and C.
In other words, “and/or” operates as an inclusive or.
[0012] The words “comprising” (and any form of com-
prising, such as “comprise” and “comprises”), “having” (and
any form of having, such as “have” and “has”), “including”
(and any form of including, such as “includes” and
“include”) or “containing” (and any form of containing,
such as “contains” and “contain”) are inclusive or open-
ended and do not exclude additional, unrecited elements or
method steps.

[0013] The compositions and methods for their use can
“comprise,” “consist essentially of,” or “consist of” any of
the ingredients, compositions, steps, etc disclosed through-
out the specification. With respect to the transitional phrase
“consisting essentially of,” in one non-limiting aspect, a
basic and novel characteristic of the compositions and
methods of the present invention are their abilities treat
manganese toxicity.

[0014] The terms “treat,” “treating” or “treatment” refer to
both therapeutic treatment and prophylactic or preventive
measures, wherein the object is to either induce or prevent
or slow down (lessen) an undesired physiological change.
For purposes of this invention, beneficial or desired results
include, but are not limited to, alleviation of one or more
symptoms of disease (e.g. manganese-toxicity, manganese
induced neurotoxicity, and/or manganese induced parkin-
sonism), diminishment of extent of disease, stabilized (i.e.,
not worsening) state of disease, delay or slowing of disease
progression, amelioration of the disease state, and remission
(whether partial or total), whether detectable or undetect-
able.

[0015] It is contemplated that any embodiment discussed
in this specification can be implemented with respect to any
method or composition of the invention, and vice versa.
Furthermore, compositions of the invention can be used to
achieve methods of the invention.

[0016] Other objects, features and advantages of the pres-
ent invention will become apparent from the following
detailed description. It should be understood, however, that
the detailed description and the specific examples, while
indicating specific embodiments of the invention, are given
by way of illustration only, since various changes and
modifications within the spirit and scope of the invention
will become apparent to those skilled in the art from this
detailed description.

2

BRIEF DESCRIPTION OF THE DRAWINGS

[0017] The following drawings form part of the present
specification and are included to further demonstrate certain
aspects of the present invention. The invention may be better
understood by reference to one or more of these drawings in
combination with the detailed description of specific
embodiments presented herein.

[0018] FIGS. 1A-F: (A): manganese exposure increases
SLC30A10 expression in the liver of 129S4/SvJael and
intestines of C57BL/6] mice. qRT-PCR analyses from indi-
cated tissues of 129S4/SvJae] or C57BL/6] mice treated
with vehicle or oral manganese (~15 mg absolute manga-
nese/kg body weight daily) from PND1 until 8 weeks of age.
Animals were euthanized at 8 weeks of age. For each strain,
mean expression in vehicle treated mice was normalized to
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1. N=10 vehicle and 12 manganese for 129S4/SvJael, and 7
vehicle and 8 manganese for C57BL/6] mice. Mean+SE.
*P<0.05 by two-way ANOVA (strain and manganese treat-
ment as independent variables) and Sidak’s post hoc test for
indicated comparisons; n.s., not significant. (B)-(F): man-
ganese-induced changes in expression of manganese trans-
porters in 12954/SvJae] or C57BL/6J mice. Samples ana-
lyzed for SLC30A10 expression in (A) were processed for
analyses of transporters indicated above by qRT-PCR.
Sample processing, animal number, and normalization were
identical to (A). Mean+SE. *P<0.05 by two-way ANOVA
(strain and manganese treatment as independent variables)
and Sidak’s post hoc test for indicated comparisons; n.s., not
significant.

[0019] FIG. 2A-D: manganese upregulates SLC30A10
expression in HepG2 cells. (A) and (C): qRT-PCR analyses.
In (A), manganese treatment was for 4 h at indicated
concentrations. In (C), manganese was used at 250 uM for
indicated times. Expression without manganese treatment is
normalized to 1. N=3 for (A) and (C). Mean+SE. *P<0.05 by
one-way ANOVA and Dunnett’s post hoc test for the com-
parison between no manganese and other conditions. (B):
Intracellular manganese levels after 4 h exposure to man-
ganese. N=4. Mean+SE. *P<0.05 by one-way ANOVA and
Dunnett’s post hoc test for the comparison between no
manganese and other conditions. (D): Immunoblot assays
after treatment with 250 uM manganese for indicated times.

[0020] FIG. 3A-G: The manganese-induced upregulation
of SLC30A10 in HepG2 cells requires a hypoxia response
element in the SLC30A10 promoter. (A): qRT-PCR analyses
after pre-treatment of cells with vehicle DMSO or acton-
imycin D (5 uM) for 30 min followed by exposure to 0 or
250 uM manganese for 4 h. Expression without manganese
treatment was normalized to 1 in DMSO or actinomycin D
treated cells separately. N=3. Mean+SE. *P<0.05 by t-test.
(B) and (F): Schematic of luciferase (Luc) reporter con-
structs used (B) and the required hypoxia response element
(shown in red) in the SLC30A10 promoter (F). Numbers
indicate position relative to the start of transcription. (C) and
(G): Relative normalized luciferase signal after manganese
treatment in cells expressing indicated luciferase constructs.
The hypoxia response element (HRE) highlighted in red in
(F) was deleted in the AHRE construct in (G). Cells were
treated with or without 250 uM manganese for 16 h.
Luciferase signals were normalized to protein in each
sample. For each construct, values after manganese treat-
ment are expressed relative to that without manganese
normalized to 1. Nz3. Mean+SE. *P<0.05 by one-way
ANOVA and Dunnett’s post hoc test for the comparison
between luciferase only and other conditions in (C) and
t-test in (G). (D) and (E): c-Jun, C/EBPB, YY1, P53, and
RXRa are not required for the manganese-induced increase
in SLC30A10 expression. (D), qRT-PCR analyses in HepG2
cells stably expressing dominant negative (DN) versions of
c-Jun, C/EBPB, YY1, P53, or RXRa, or infection control
cells treated with 0 or 250 uM manganese for 4 h. Expres-
sion without manganese treatment was normalized to 1 for
each infection condition. N=3-4. There were no differences
between groups by t-test. (E), qRT-PCR analyses in HepG2
cells infected with indicated dominant negative mutants or
infection control cells. Expression in infection control cells
was normalized to 1. N=3. *¥*P<0.05 by t-test.

[0021] FIG. 4A-D: manganese stabilizes and induces
nuclear accumulation of HIFlow and HIF2a protein in
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HepG2 cells. (A) and (D): Immunoblot (A) and immuno-
fluorescence (D) analyses after treatment with 0 or 250 pM
manganese for indicated times (A) or 4 h (D). (B) and (C):
Quantification of HIFla or HIF2a levels normalized to
tubulin from (A). N=3. Mean+SE. *P<0.05 by one-way
ANOVA and Dunnett’s post hoc test for comparisons
between 0 h and other groups.

[0022] FIG. 5A-G: HIF1 or HIF2 are required and suffi-
cient for the manganese-induced upregulation of SLC30A10
expression. (A)-(D): qRT-PCR analyses in HepG2 cells
stably expressing shRNAs with a scrambled sequence or
targeting HIFla (A), HIF2a (B), HIF1p/ARNT (C) or
HIFloa and HIF2a (D), and treated with or without 250 pM
manganese for 4 h. Scramble shRNA sequence 1 was used
for experiments with HIF1lo. shRNA (A) while scramble
shRNA sequence 2 was used for the other experiments
(B)-(D). For each infection condition, expression without
manganese was normalized to 1. N=3-4. Mean+SE. ¥*P<0.05
by t-test (A), (B), and (D) or one-way ANOVA and Dun-
nett’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 uM LW6 for 1 h followed by
exposure to 0 or 250 uM manganese for 4 h. For cells that
did or did not receive LW6, expression without manganese
was separately normalized to 1. N=5. Mean=+SE. *P<0.05 by
t-test. (F): Relative normalized luciferase activity in cells
stably expressing SLC30A1073%% © —2[yc after treatment
with or without 10 pM LW6 for 1 h followed by 0 or 250 uM
manganese for 16 h. For cells that did or did not receive
LW6, separately, luciferase activity was measured with or
without manganese treatment, normalized to protein con-
centration, and the value for the group without manganese
treatment was expressed as 1. N=3. Mean+SE. *P<0.05 by
t-test. (G): qRT-PCR analyses in control HepG?2 cells or cells
stably expressing VHL-insensitive mouse HIF 1o or HIF2a.
Expression in control infected cells was normalized to 1.
N=3. Mean+SE. *P<0.05 by one-way ANOVA and Dun-
nett’s post hoc test for comparisons between control and
other groups.

[0023] FIG. 6A-B: manganese inhibits the prolyl hydroxy-
lation of HIFla. (A): qRT-PCR analyses in HepG2 cells
treated with 250 pM manganese for indicated times. Expres-
sion in cells that did not receive manganese was normalized
to 1. N=3. Mean*SE. *P<0.05 by one-way ANOVA and
Dunnett’s post hoc test for comparison between no manga-
nese and other groups. (B): Immunoblot analyses of whole-
cell lysates obtained from HepG2 cells treated with or
without 10 uM MG132 for 1 h followed by exposure to 0 or
250 uM manganese for 4 h. HIF1a-OH, prolyl hydroxylated
HIFla.

[0024] FIG. 7A-C: The activation of HIF transcription
factors by manganese is a homeostatic protective response
against manganese toxicity. (A): ICP-MS analyses to mea-
sure intracellular metal levels in HepG2 cells stably infected
with scramble shRNA (sequence 2) or HIF18/ARNT
shRNA (sequence 1) and treated with or without 125 uM
manganese for 16 h. N=3. Mean+SE. *P<0.05 by two-way
ANOVA (shRNA and manganese treatment as independent
variables) and Sidak’s post hoc test for indicated compari-
sons; n.s., not significant. (B): Intracellular levels of Fe, Cu,
and Zn are not affected by knockdown of HIF13/ARNT.
Amounts of Fe, Cu, and Zn were quantified in samples used
for manganese measurements in (A). Sample size is identical
to (A). Data are mean+SE. There were no differences
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between groups using two-way ANOVA. (C): Cell viability
assays in scramble (sequence 2) or HIF1/ARNT shRNA
(sequence 1)-infected HepG2 cells treated with 0, 0.5, or 1
mM manganese for 16 h. Viability of scramble or ARNT
shRNA-infected cells that did not receive manganese was
separately normalized to 100. N=3. Mean+SE. *P<0.05 by
two-way ANOVA (shRNA and manganese treatment as
independent variables) and Sidak’s post hoc test for com-
parisons between infection conditions at each manganese
dose.

[0025] FIG. 8A-F: Prolyl hydroxylase inhibitors enhance
SLC30A10 levels, reduce intracellular manganese, and pro-
tect HepG2 cells against manganese toxicity. (A): Immuno-
blot assays in cells treated with or without 20 pM roxadustat
or 80 uM vadadustat for 16 h. (B) and (C): qRT-PCR after
treatment with indicated doses of roxadustat or vadadustat
for 16 h (B) or 20 uM roxadustat or 80 uM vadadustat for
indicated times (C). Expression in cells that did not receive
the drug was normalized to 1. N=3. Mean+SE. *P<0.05 by
one-way ANOVA and Dunnett’s post hoc test for compari-
son between no drug and other conditions. (D): Intracellular
manganese levels in cells treated with or without 20 uM
roxadustat or 80 puM vadadustat for 16 h followed by
exposure to 0 or 125 pM manganese for 24 h. N=5-6.
Mean+SE. *P<0.05 by two-way ANOVA (drug and manga-
nese treatment as independent variables) and Tukey Kramer
post hoc test for indicated comparisons; n.s., not significant.
(E): Effect of roxadustat or vadadustat on intracellular Fe,
Cu, and Zn. Fe, Cu, and Zn levels were quantified in samples
used for manganese measurements in FIG. 8(D). Sample
size is identical to FIG. 8(D). Data are mean+SE. Within
cells that did or did not receive manganese, there was no
effect of roxadustat or vadadustat treatment on Fe, Cu, or Zn
levels by two-way ANOVA. (F): Cell viability assays after
treatment with or without 20 uM roxadustat or 80 uM
vadadustat for 16 h followed by exposure to indicated levels
of manganese for 24 h. Viability of cells treated with or
without prolyl hydroxylase inhibitors in the absence of
manganese exposure were separately normalized to 100.
N=3. Mean+SE. *P<0.05 by two-way ANOVA (drug and
manganese treatment as independent variables) and Sidak’s
post hoc test for comparisons between treatment conditions
at each manganese dose.

[0026] FIG. 9A-C: Molidustat increases HIFla and
HIF2q protein as well as SLC30A10 expression, and pro-
tects against manganese-induced cell death. (A): Immuno-
blot analyses after treatment of HepG2 cells with 0 or 20 uM
molidustat for 16 h. (B): qRT-PCR analyses after treatment
of HepG2 cells with indicated levels of molidustat for 16 h.
N=3. Mean+SE. *P<0.05 by one-way ANOVA and Dun-
nett’s post hoc test for comparison between no drug and
other conditions. (C): Cell viability assays in HepG2 cells
after treatment with or without 20 uM molidustat for 16 h
followed by exposure to indicated levels of manganese for
24 h. Viability of cells treated with or without molidustat in
the absence of manganese exposure were separately nor-
malized to 100. N=4. Mean+SE. *P<0.05 by two-way
ANOVA (drug and manganese treatment as independent
variables) and Sidak’s post hoc test for comparisons
between treatment conditions at each manganese dose.

[0027] FIG. 10A-B: manganese treatment upregulates
SLC30A10 in a HIF-dependent manner in primary human
hepatocytes. (A) and (B): qRT-PCR assays in cells treated
with or without 10 pM LW6 for 1 h followed by 0 or 250 uM
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manganese for 4 h (A) or with or without 20 uM roxadustat
or 80 uM vadadustat for 16 h (B). For (A), separately for
cells that did or did not receive LW6, expression in the
absence of manganese treatment was normalized to 1. For
(B), expression in the absence of drug treatment was nor-
malized to 1. N=3. Mean+SE. *P<0.05 by t-test (A) or
one-way ANOVA and Dunnett’s post hoc test for the com-
parison between no drug and other conditions (B).

[0028] FIG. 11A-D: Roxadustat protects mice against
manganese neurotoxicity. (A): qRT-PCR assays from indi-
cated tissues of C57BL/6] mice harvested after treatment
with vehicle or roxadustat (10 mg/kg body weight daily i.p.)
for 4 weeks (starting at ~4-weeks of age). Mean expression
in vehicle treated mice was normalized to 1. N=5/treatment.
Mean+SE. *P<0.05 by t-test. (B): Open-field activity data
for vertical movement in mice treated with vehicle or
roxadustat as described in (A) along with or without expo-
sure to manganese in drinking water (~30 mg absolute
manganese/kg body weight daily). Treatment was at ages
and for the duration described in (A). Open-field analysis
was performed before euthanasia. N=5/group. Mean+SE.
*P<0.05 by repeated measures two-way ANOVA and Tukey
Kramer post hoc test for indicated comparisons. (C): ICP-
MS metal analyses from indicated tissues of animals used
for neurobehavioral analyses in B. N=5/group. Mean+SE.
Indicated p values are for two-way ANOVA analyses using
roxadustat and manganese as independent variables; n.s., not
significant. (D): Effect of roxadustat on blood and brain Fe,
Cu, and Zn levels. Fe, Cu, and Zn levels were quantified in
tissue samples used for manganese measurements in (C).
Sample size is identical to (C). Data are mean+SE. There
was no effect of roxadustat on Fe, Cu, or Zn levels in blood
or brain by two-way ANOVA.

DETAILED DESCRIPTION OF THE
INVENTION

[0029] Altered expression/activity of metal transporters
can control metal homeostasis. But, until recently, transport-
ers critical for manganese influx and efflux in humans were
unknown, and this gap in knowledge hindered studies on
manganese homeostasis. Needed breakthroughs came over
the last few years when homozygous loss-of-function muta-
tions in SLC30A10 or SLC39A14 were reported to increase
manganese levels in the blood and brain and induce heredi-
tary manganese neurotoxicity in humans (36-40), while
homozygous loss-of-function mutations in SLC39A8 were
reported to lead to the onset of hereditary manganese
deficiency (45, 46). It was discovered that SLC30A10 is a
cell-surface localized manganese efflux transporter that
transports manganese from the cytosol to the cell exterior,
reduces cellular manganese levels, and protects against
manganese toxicity (47). The efflux activity of SLC30A10 is
specific to manganese (47-49). Using full-body and tissue-
specific Slc30al0 knockout mice, two critical functions of
SLC30A10 at the whole organism level were identified—
SLC30A10 localizes to the apical domain of hepatocytes
and enterocytes to mediate hepatic and intestinal manganese
excretion, and additionally, SLC30A10 is active in the brain
where it mediates neuronal manganese efflux to provide
additional neuroprotection (50, 51) (note that ~80% of the
body burden of manganese is excreted by the liver, and the
intestines excrete the remaining ~20% (10, 33)). The role of
SLC30A10 in manganese excretion was subsequently also
confirmed (52). Manganese neurotoxicity upon loss-of-
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function of SLC30A10 is a consequence of blocked man-
ganese excretion and an inhibition of neuronal manganese
efflux (11, 53). Similar studies on SLC39A14 identified it to
be a manganese influx transporter that, at the organism level,
is essential for the transport of manganese from blood into
the liver and intestines for subsequent excretion by
SLC30A10 (50, 54-59). Loss-of-function of SLC39A14 also
induces manganese neurotoxicity by blocking manganese
excretion (11, 53). Other work identified SLC39AS8 to be a
hepatic manganese importer that reclaims manganese
excreted into bile to prevent manganese deficiency (60).
Unlike SLC30A10, SLC39A14 and SLC39AS also transport
other divalent metals in vitro (61), but their primary in vivo
function under physiological conditions appears to be man-
ganese transport. Put together, the recent studies establish
SLC30A10, SLLC39A14, and SLC39A8 as essential human
manganese transporters.

[0030] Based on the identification of SLC30A10,
SLC39A14, and SLC39A8 as manganese transporters, the
inventors found that upregulation of SLC30A10 provides a
pathway to enhance manganese excretion and reduce man-
ganese levels during manganese toxicity and protects against
manganese toxicity. Without wishing to be limited by theory,
it is believed that, the underlying mechanism is the activa-
tion of hypoxia inducible factor (HIF) 1 and HIF2 due to an
inhibitory effect of elevated levels of manganese on the
prolyl hydroxylation and subsequent degradation of HIF
proteins. Further, it is shown that small molecule inhibitors
of prolyl hydroxylase enzymes, e.g., HIF prolyl hydroxylase
inhibitor, which stabilize HIF proteins, protect cells and
mice against manganese toxicity.

[0031] In humans, elevated exposure to manganese can
occur via inhalation in occupational settings and/or orally
via drinking water due to environmental contamination (11).
The oral manganese exposure regimen utilized for the
mechanistic studies described herein modeled human envi-
ronmental manganese exposure (11).

[0032] As mentioned, currently definitive treatments are
not available for manganese neurotoxicity. Bringing a new
drug into clinical use can be challenging, and likelihood of
success might be higher if an existing drug can be repur-
posed. It was discovered that small molecule prolyl
hydroxylase inhibitors can protect cells and mice against
manganese toxicity. Without wishing to be bound by theory
it is believed that these prolyl hydroxylase inhibitors can
protect against manganese toxicity by activating HIF-depen-
dent transcription by stabilizing HIFo. subunits, and thereby
increasing SLC30A10 levels and increasing manganese
excretion. In some aspects, these drugs may not need to
cross the blood brain barrier for efficacy, which substantially
enhances the possibility of therapeutic effectiveness.
[0033] Methods for treating manganese (Mn) toxicity in a
subject are described. In one aspect, the method includes
administering to a subject in need thereof an effective
amount of a hypoxia inducible factor (HIF) prolyl hydroxy-
lase inhibitor and/or a pharmaceutically acceptable salt
and/or solvate thereof. Mechanistic studies described herein
show that: 1) elevated manganese transcriptionally upregu-
late SLC30A10 gene, a manganese efflux transporter, in the
liver and intestines; 2) a hypoxia response element in the
SLC30A10 promoter was necessary for the upregulation; 3)
the transcriptional activities of hypoxia inducible factor
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(HIF) 1 or HIF2 were required and sufficient for the
SLC30A10 response; and 4) elevated manganese activated
HIF1/HIF2 by blocking the prolyl hydroxylation of HIF
proteins necessary for their degradation. Further it the
shown in a non-limiting manner in Example 2, that prolyl
hydroxylase inhibitors that stabilize HIF proteins afforded
cellular protection against manganese toxicity, and also
ameliorated the in vivo manganese-induced neuromotor
deficits in mice.

[0034] Insome aspects, the HIF prolyl hydroxylase inhibi-
tor can be daprodustat, desidustat, enarodustat, molidustat,
roxadustat, vadadustat, or any combinations thereof. In
some aspects, the HIF prolyl hydroxylase inhibitor is dapro-
dustat. In some aspects, the HIF prolyl hydroxylase inhibitor
is desidustat. In some aspects, the HIF prolyl hydroxylase
inhibitor is enarodustat. In some aspects, the HIF prolyl
hydroxylase inhibitor is molidustat. In some aspects, the HIF
prolyl hydroxylase inhibitor is roxadustat. In some aspects,
the HIF prolyl hydroxylase inhibitor is vadadustat. Dapro-
dustat (PubChem CID: 91617630) has the ITUPAC name
2-[(1,3-dicyclohexyl-2,4,6-trioxo-1,3-diazinane-5-carbo-
nyl)amino]acetic acid, and chemical formula of Formula I.
Desidustat (PubChem CID: 75593290) has the TUPAC name
2-[[1-(cyclopropylmethoxy)-4-hydroxy-2-oxoquinoline-3-
carbonyl]amino]acetic acid, and chemical formula of For-
mula II. Enarodustat (PubChem CID: 50899324) has the
IUPAC name 2-[[7-0x0-5-(2-phenylethyl)-3H-[1,24]tri-
azolo[1,5-a]pyridine-8-carbonyl]lamino]acetic acid, and
chemical formula of Formula III. Molidustat (PubChem
CID: 59603622) has the IUPAC name 2-(6-morpholin-4-
ylpyrimidin-4-yl)-4-(triazol-1-yl)-1H-pyrazol-3-one, = and
chemical formula of Formula IV. Roxadustat (PubChem
CID: 11256664) has the TUPAC name 2-[(4-hydroxy-1-
methyl-7-phenoxyisoquinoline-3-carbonyl)amino]acetic
acid, and chemical formula of Formula V. Vadadustat (Pub-
Chem CID 23634441) has the IUPAC name 2-[[5-(3-chlo-
rophenyl)-3-hydroxypyridine-2-carbonyl]amino]acetic acid
and chemical formula of Formula VI.
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[0035] The methods described herein can be used for
treating manganese toxicity in a subject. In some aspects, the
methods can be used for treating manganese induced neu-
rotoxicity in a subject. In some aspects, the methods can be
used for treating manganese-induced parkinsonism in a
subject. Certain aspects, are directed to use of the HIF prolyl
hydroxylase inhibitor(s) and/or a pharmaceutically accept-
able salt(s) and/or solvate(s) thereof for treating manganese
toxicity, treating manganese induced neurotoxicity, and/or
treating manganese induced parkinsonism in a subject. The
HIF prolyl hydroxylase inhibitor(s) can be used to increase
manganese excretion in a subject. In certain aspects, the
subject has an increased manganese concentration in one or
more tissues and/or organs when compared to a standard.
For a tissue and/or organ, the standard manganese concen-
tration can be a known standard, or previous standard
established for the subject. Depending on the subject, the
tissue and/or organ specific standard would be apparent to a
clinician and/or a physician. The one or more tissues and/or
organs can include but not limited to blood, brain, liver,
bone, and intestine. In some aspects, the subject has an
increased blood manganese concentration when compared
to a standard blood manganese concentration. It is known
that blood manganese concentration can vary depending on
age, sex, race, and/or genetic factors of a subject, along with
study region, time of collection etc. Traditionally 7 to 10
ng/L has been indicated as “normal” blood manganese
concentration (Hauser et al, 1994; Sphar et al, 1996; Tuschl
et al, 2016), however lower values such as 3 pg/IL (Quadri
et al, 2012) and higher values such as <17.5 ng/L (Tushcl et
al., 2012) have also been reported. It is also known that
newborns and young children can have higher blood man-
ganese concentration (up to 35 ug/L or higher). Further,
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blood manganese concentration can also be naturally
elevated in pregnant women across trimesters, even as high
as 25 ug/L blood manganese in the third trimester. A subject
suffering from manganese induced neurotoxicity might or
might not have elevated blood manganese concentration. In
some aspects, the blood manganese concentration of the
subject can be equal to any one of, greater than any one of,
or between any two of 3, 4, 5, 6,7, 8,9, 10, 11, 12, 13, 14,
15,16, 17, 18, 19, 20, 21, 22, 23, 24, 25, 26, 27, 28, 29, 30,
31,32, 33, 34, 35, 36, 37, 38, 39, 40, 41, 42, 43, 44, 45, 46,
47, 48, 49, 50, 55, 60, 65, 70, 75, 80, 85, 90, 95 and 100
ug/L. In some aspects, the subject has increased bone
manganese concentration when compared to a standard bone
manganese concentration. A subject suffering from manga-
nese induced neurotoxicity might or might not have elevated
bone manganese concentration. In certain aspects, the sub-
ject has manganese deposition in one or more tissues and/or
organs. The one or more tissues and/or organs can include
but not limited to brain, liver, bone, and intestine. In certain
aspects, the subject has manganese deposition in liver. In
certain aspects, the subject has manganese deposition in
intestine. In certain aspects, the subject has manganese
deposition in brain. A subject suffering from manganese
induced neurotoxicity might have manganese deposition in
liver, intestine and/or brain. In certain aspects, manganese
concentration in the basal ganglia of the subject is higher,
compared to manganese concentration in other areas of the
brain of the subject. In certain aspects, the subject has
neuronal degeneration at the basal ganglia, or is at a risk of
developing neuronal degeneration at the basal ganglia. The
subject can have and/or is diagnosed with manganese tox-
icity. In some aspects, the subject is at a risk of developing
manganese toxicity. In some aspects, the subject has and/or
has been diagnosed with manganese induced neurotoxicity.
In some aspects, the subject is at a risk of developing
manganese induced neurotoxicity. In some aspects, the
subject has and/or has been diagnosed with manganese-
induced parkinsonism. In some aspects, the subject is at a
risk of developing manganese-induced parkinsonism. Risk
of developing of manganese toxicity, manganese induced
neurotoxicity and/or manganese induced parkinsonism in a
subject can depend on, for example in a non-limiting man-
ner, on elevated exposure from occupational sources (such
as but not limited to welding, manufacture of batteries and
steel etc.) or environmental sources (such as but not limited
to drinking water); defective excretion due to chronic liver
disease (such as but not limited to alcoholic cirrhosis);
and/or due to genetic factors such as but not limited to,
homozygous loss of function mutations in SLC30A10 or
SLC39A14. manganese concentration and deposition in an
organ and/or a tissue can be measured by any suitable
method, non-limiting examples includes—bone manganese
concentration can be determined using neutron activation
analyses, and brain and liver manganese deposition can be
measured using magnetic resonance imaging (MRI), such as
T1-weighted MRI scan as hyperintensity. Manganese tox-
icity, manganese induced neurotoxicity, and manganese
induced parkinsonism can be diagnosed using any suitable
method, including but not limited to diagnosis methods that
use magnetic resonance imaging (MRI), such as
T1-weighted MRI scan as hyperintensity. In some aspects,
the subject has homozygous loss of function mutation in the
SLC39A14 gene. In some aspects, the subject does not have
a mutation in the SLC39A14 gene. In some aspects, the
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subject does not have a homozygous loss of function muta-
tion in the SLC39A14 gene. In some aspects, the subject has
a homozygous loss of function mutation in the SLC30A10
gene. In some aspects, the subject has a single nucleotide
polymorphism in the SLC30A10 gene. In some aspects, the
subject does not have a mutation in the SLC30A10 gene. In
some aspects, the subject does not have a homozygous loss
of function mutation in the SLC30A10 gene. In some
aspects, the subject does not have a single nucleotide poly-
morphism in the SLC30A10 gene. In some aspects, the
subject has a deficiency of SLC39A14 in the brain, liver,
and/or intestine. In some aspects, a majority of cellular
SLC30A10 in the brain, liver, and/or intestine of the subject,
is localized inside the endoplasmic reticulum. In some
aspects, the subject has increased expression of SLC30A10
in the brain, liver, and/or intestine. In some aspects, subjects
without homozygous loss of function mutation in the
SLC30A10 gene might have increased expression of
SLC30A10 in the brain, liver, and/or intestine due to man-
ganese toxicity, however the increased expression (without
administration of the HIF prolyl hydroxylase inhibitor com-
pounds) might not be sufficient enough to cure manganese
toxicity. In certain aspects, the subject can be human. The
subject can be: a child, e.g., can have an age below 11 years;
a teenager, e.g., can have an age 11 to 19 years; a young
adult, e.g., can have an age above 19 to 30 years; an adult
e.g., can have an age above 30 years to 60 years; or an
elderly person e.g., can have an age above 60 years.

A. ADMINISTRATION OF THERAPEUTIC
COMPOSITIONS

[0036] The therapy provided herein may comprise admin-
istration of a HIF prolyl hydroxylase inhibitor and/or phar-
maceutically acceptable salt and/or solvate thereof. In cer-
tain aspects, one or more HIF prolyl hydroxylase inhibitor(s)
are administered. In certain aspects, a combination of HIF
prolyl hydroxylase inhibitor (and/or pharmaceutically
acceptable salt and/or solvate thereof), such as a first HIF
prolyl hydroxylase inhibitor and a second HIF prolyl
hydroxylase inhibitor, are administered. The compounds
(e.g., HIF prolyl hydroxylase inhibitors) may be adminis-
tered in any suitable manner known in the art. For example,
the first and second HIF prolyl hydroxylase inhibitors may
be administered sequentially (at different times) or concur-
rently (at the same time). In some embodiments, the first and
second HIF prolyl hydroxylase inhibitors are administered
in a separate composition. In some embodiments, the first
and second HIF prolyl hydroxylase inhibitors are in the
same composition.

[0037] In some embodiments, the first HIF prolyl
hydroxylase inhibitor and the second HIF prolyl hydroxy-
lase inhibitor are administered substantially simultaneously.
In some embodiments, the first HIF prolyl hydroxylase
inhibitor and the second HIF prolyl hydroxylase inhibitor
are administered sequentially. In some embodiments, the
first HIF prolyl hydroxylase inhibitor, the second HIF prolyl
hydroxylase inhibitor, and a third HIF prolyl hydroxylase
inhibitor are administered sequentially. In some embodi-
ments, the first HIF prolyl hydroxylase inhibitor is admin-
istered before administering the second HIF prolyl hydroxy-
lase inhibitor. In some embodiments, the first HIF prolyl
hydroxylase inhibitor is administered after administering the
second HIF prolyl hydroxylase inhibitor.
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[0038] Embodiments of the disclosure relate to composi-
tions and methods comprising one or more HIF prolyl
hydroxylase inhibitors. The different HIF prolyl hydroxylase
inhibitors, may be administered in one composition or in
more than one composition, such as 2 compositions, 3
compositions, or 4 compositions. Various combinations of
the agents may be employed.

[0039] The therapeutic composition of the disclosure may
be administered by the same route of administration or by
different routes of administration. In some embodiments, the
therapeutic composition is administered intravenously,
intramuscularly, subcutaneously, topically, orally, transder-
mally, intraperitoneally, intraorbitally, by implantation, by
inhalation, intrathecally, intraventricularly, or intranasally.
The appropriate dosage may be determined based on the
type of disease to be treated, severity and course of the
disease, the clinical condition of the individual, the indi-
vidual’s clinical history and response to the treatment, and
the discretion of the attending physician. The therapeutic
composition can include a HIF prolyl hydroxylase inhibitor,
and/or pharmaceutically acceptable salt and/or solvate
thereof.

[0040] The treatments may include various “unit doses.”
Unit dose is defined as containing a predetermined-quantity
of the therapeutic composition. The quantity to be admin-
istered, and the particular route and formulation, is within
the skill of determination of those in the clinical arts. A unit
dose need not be administered as a single injection but may
comprise continuous infusion over a set period of time. In
some embodiments, a unit dose comprises a single admin-
istrable dose.

[0041] Insome embodiments, the therapeutic composition
containing the HIF prolyl hydroxylase inhibitor and/or phar-
maceutically acceptable salt and/or solvate thereof is admin-
istered at a dose of between 0.01 mg/kg and 5000 mg/kg
(weight of the compound/weight of the subject). In some
embodiments, the HIF prolyl hydroxylase inhibitor and/or
pharmaceutically acceptable salt and/or solvate thereof is
administered at a dose of at least, at most, or about 0.01,
0.02, 0.03, 0.04, 0.05, 0.06, 0.07, 0.08, 0.09, 0.1, 0.2, 0.3,
0.4,0.5,0.6,0.7,0.8,09,1,2,3,4,5,6,7,8,9, 10, 11, 12,
13,14, 15, 16, 17, 18, 19, 20, 21, 22, 23, 24, 25, 26, 27, 28,
29, 30, 31, 32, 33, 34, 35, 36, 37, 38, 39, 40, 41, 42, 43, 44,
45, 46, 47, 48, 49, 50, 51, 52, 53, 54, 55, 56, 57, 58, 59, 60,
61, 62, 63, 64, 65, 66, 67, 68, 69, 70, 71, 72, 73, 74,75, 76,
77,78, 79, 80, 81, 82, 83, 84, 85, 86, 87, 88, 89, 90, 91, 92,
93,94, 95, 96, 97, 98, 99, 100, 101, 102, 103, 104, 105, 106,
107, 108, 109, 110, 111, 112, 113, 114, 115, 116, 117, 118,
119, 120, 121, 122, 123, 124, 125, 126, 127, 128, 129, 130,
131, 132, 133, 134, 135, 136, 137, 138, 139, 140, 141, 142,
143, 144, 145, 146, 147, 148, 149, 150, 151, 152, 153, 154,
155, 156, 157, 158, 159, 160, 161, 162, 163, 164, 165, 166,
167, 168, 169, 170, 171, 172, 173, 174, 175, 176, 177, 178,
179, 180, 181, 182, 183, 184, 185, 186, 187, 188, 189, 190,
191, 192, 193, 194, 195, 196, 197, 198, 199, 200, 201, 202,
203, 204, 205, 206, 207, 208, 209, 210, 211, 212, 213, 214,
215, 216, 217, 218, 219, 220, 221, 222, 223, 224, 225, 226,
227, 228, 229, 230, 231, 232, 233, 234, 235, 236, 237, 238,
239, 240, 241, 242, 243, 244, 245, 246, 247, 248, 249, 250,
251, 252, 253, 254, 255, 256, 257, 258, 259, 260, 261, 262,
263, 264, 265, 266, 267, 268, 269, 270, 271, 272, 273, 274,
275, 276, 277, 278, 279, 280, 281, 282, 283, 284, 285, 286,
287, 288, 289, 290, 291, 292, 293, 294, 295, 296, 297, 298,
299, 300, 301, 302, 303, 304, 305, 306, 307, 308, 309, 310,
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311,312, 313, 314, 315, 316, 317, 318, 319, 320, 321, 322,
323, 324, 325, 326, 327, 328, 329, 330, 331, 332, 333, 334,
335, 336, 337, 338, 339, 340, 341, 342, 343, 344, 345, 346
347, 348, 349, 350, 351, 352, 353, 354, 355, 356, 357, 358
359, 360, 361, 362, 363, 364, 365, 366, 367, 368, 369, 370,
371,372, 373, 374, 375, 376, 377, 378, 379, 380, 381, 382,
383, 384, 385, 386, 387, 388, 389, 390, 391, 392, 393, 394,
395, 396, 397, 398, 399, 400, 401, 402, 403, 404, 405, 406
407, 408, 409, 410, 411, 412, 413, 414, 415, 416, 417, 418
419, 420, 421, 422, 423, 424, 425, 426, 427, 428, 429, 430,
431, 432, 433, 434, 435, 436, 437, 438, 439, 440, 441, 442,
443, 444, 445, 446, 447, 448, 449, 450, 451, 452, 453, 454,
455, 456, 457, 458, 459, 460, 461, 462, 463, 464, 465, 466
467, 468, 469, 470, 471, 472, 473, 474, 475, 476, 477, 478
479, 480, 481, 482, 483, 484, 485, 486, 487, 488, 489, 490,
491, 492, 493, 494, 495, 496, 497, 498, 499, 500, 501, 502,
503, 504, 505, 506, 507, 508, 509, 510, 511, 512, 513, 514,
515, 516, 517, 518, 519, 520, 521, 522, 523, 524, 525, 526
527, 528, 529, 530, 531, 532, 533, 534, 535, 536, 537, 538
539, 540, 541, 542, 543, 544, 545, 546, 547, 548, 549, 550,
551, 552, 553, 554, 555, 556, 557, 558, 559, 560, 561, 562,
563, 564, 565, 566, 567, 568, 569, 570, 571, 572, 600, 700,
800, 900,1000, 1100, 1200, 1300, 1400, 1500, 1600, 1700
1800, 1900, 2000, 2100, 2200, 2300, 2400, 2500, 2600
2700, 2800, 2900, 3000, 3100, 3200, 3300, 3400, 3500
3600, 3700, 3800, 3900, 4000, 4100, 4200, 4300, 4400
4500, 4600, 4700, 4800, 4900, or 5000 mg/kg.

[0042] The quantity to be administered, both according to
number of treatments and unit dose, depends on the treat-
ment effect desired. An effective dose is understood to refer
to an amount necessary to achieve a particular effect. In the
practice in certain embodiments, it is contemplated that
doses in the range from 10 mg/kg to 200 mg/kg can affect
the protective capability of these agents (e.g., HIF prolyl
hydroxylase inhibitor(s) and/or pharmaceutically acceptable
salt and/or solvate thereof). Thus, it is contemplated that
doses include doses of about 0.1, 0.5, 1, 5, 10, 15, 20, 25, 30,
35, 40, 45, 50, 55, 60, 65, 70, 75, 80, 85, 90, 100, 105, 110,
115, 120, 125, 130, 135, 140, 145, 150, 155, 160, 165, 170,
175, 180, 185, 190, 195, and 200, 300, 400, 500, 1000
mg/kg, mg/kg, pg/day, or mg/day or any range derivable
therein. Furthermore, such doses can be administered at
multiple times during a day, and/or on multiple days, weeks,
or months.

[0043] In certain embodiments, the effective dose of the
pharmaceutical composition is one which can provide a
blood level of about 1 uM to 150 uM. In another embodi-
ment, the effective dose provides a blood level of about 4 uM
to 100 uM.; or about 1 uM to 100 puM; or about 1 uM to 50
uM; or about 1 uM to 40 uM; or about 1 uM to 30 uM; or
about 1 uM to 20 uM; or about 1 uM to 10 uM; or about 10
uM to 150 puM; or about 10 uM to 100 uM; or about 10 pM
to 50 uM; or about 25 pM to 150 pM; or about 25 pM to 100
uM; or about 25 uM to 50 uM; or about 50 uM to 150 pM;
or about 50 uM to 100 uM (or any range derivable therein).
In other embodiments, the dose can provide the following
blood level of the agent that results from a therapeutic agent
being administered to a subject: about, at least about, or at
most about 1, 2,3, 4,5,6,7,8,9,10, 11, 12, 13, 14, 15, 16,
17,18, 19, 20, 21, 22, 23, 24, 25, 26, 27, 28, 29, 30, 31, 32,
33,34,35,36,37, 38,39, 40, 41, 42, 43, 44, 45, 46, 47, 48,
49, 50, 51, 52, 53, 54, 55, 56, 57, 58, 59, 60, 61, 62, 63, 64,
65, 66, 67, 68, 69, 70,71, 72,73, 74,75, 76, 717, 18, 79, 80,
81, 82, 83, 84, 85, 86, 87, 88, 89, 90, 91, 92, 93, 94, 95, 96,
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97, 98, 99, or 100 uM or any range derivable therein. In
certain embodiments, the therapeutic agent that is adminis-
tered to a subject is metabolized in the body to a metabolized
therapeutic agent, in which case the blood levels may refer
to the amount of that agent. Alternatively, to the extent the
therapeutic agent is not metabolized by a subject, the blood
levels discussed herein may refer to the unmetabolized
therapeutic agent.

[0044] Precise amounts of the therapeutic composition
also depend on the judgment of the practitioner and are
peculiar to each individual. Factors affecting dose include
physical and clinical state of the patient, the route of
administration, the intended goal of treatment (alleviation of
symptoms versus cure) and the potency, stability and tox-
icity of the particular therapeutic substance or other thera-
pies a subject may be undergoing.

[0045] It will be understood by those skilled in the art and
made aware that dosage units of pg/kg or mg/kg of body
weight can be converted and expressed in comparable
concentration units of pg/ml or mM (blood levels), such as
4 uM to 100 puM. It is also understood that uptake is species
and organ/tissue dependent. The applicable conversion fac-
tors and physiological assumptions to be made concerning
uptake and concentration measurement are well-known and
would permit those of skill in the art to convert one
concentration measurement to another and make reasonable
comparisons and conclusions regarding the doses, efficacies
and results described herein.

[0046] In certain instances, it will be desirable to have
multiple administrations of the composition, e.g., 2, 3, 4, 5,
6 or more administrations. The administrations can be at 1,
2,3,4,5,6,7,8,t05,6,7,8,9, 10, 11, or 12 week intervals,
including all ranges there between.

[0047] The phrases “pharmaceutically acceptable” or
“pharmacologically acceptable” refer to molecular entities
and compositions that do not produce an adverse, allergic, or
other untoward reaction when administered to an animal or
human. As used herein, “pharmaceutically acceptable car-
rier” includes any and all solvents, dispersion media, coat-
ings, anti-bacterial and anti-fungal agents, isotonic and
absorption delaying agents, and the like. The use of such
media and agents for pharmaceutical active substances is
well known in the art. Except insofar as any conventional
media or agent is incompatible with the active ingredients,
its use in immunogenic and therapeutic compositions is
contemplated. Supplementary active ingredients, such as
other anti-infective agents and vaccines, can also be incor-
porated into the compositions.

[0048] The active compounds can be formulated for par-
enteral administration, e.g., formulated for injection via the
intravenous, intramuscular, subcutaneous, or intraperitoneal
routes. Typically, such compositions can be prepared as
either liquid solutions or suspensions; solid forms suitable
for use to prepare solutions or suspensions upon the addition
of a liquid prior to injection can also be prepared; and, the
preparations can also be emulsified.

[0049] The pharmaceutical forms suitable for injectable
use include sterile aqueous solutions or dispersions; formu-
lations including, for example, aqueous propylene glycol,
and sterile powders for the extemporaneous preparation of
sterile injectable solutions or dispersions. In all cases the
form must be sterile and must be fluid to the extent that it
may be easily injected. It also should be stable under the
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conditions of manufacture and storage and must be pre-
served against the contaminating action of microorganisms,
such as bacteria and fungi.

[0050] The proteinaceous compositions may be formu-
lated into a neutral or salt form. Pharmaceutically acceptable
salts, include the acid addition salts (formed with the free
amino groups of the protein) and which are formed with
inorganic acids such as, for example, hydrochloric or phos-
phoric acids, or such organic acids as acetic, oxalic, tartaric,
mandelic, and the like. Salts formed with the free carboxyl
groups can also be derived from inorganic bases such as, for
example, sodium, potassium, ammonium, calcium, or ferric
hydroxides, and such organic bases as isopropylamine,
trimethylamine, histidine, procaine and the like.

[0051] A pharmaceutical composition can include a sol-
vent or dispersion medium containing, for example, water,
ethanol, polyol (for example, glycerol, propylene glycol, and
liquid polyethylene glycol, and the like), suitable mixtures
thereof, and vegetable oils. The proper fluidity can be
maintained, for example, by the use of a coating, such as
lecithin, by the maintenance of the required particle size in
the case of dispersion, and by the use of surfactants. The
prevention of the action of microorganisms can be brought
about by various anti-bacterial and anti-fungal agents, for
example, parabens, chlorobutanol, phenol, sorbic acid,
thimerosal, and the like. In many cases, it will be preferable
to include isotonic agents, for example, sugars or sodium
chloride. Prolonged absorption of the injectable composi-
tions can be brought about by the use in the compositions of
agents delaying absorption, for example, aluminum monos-
tearate and gelatin.

[0052] Sterile injectable solutions are prepared by incor-
porating the active compounds in the required amount in the
appropriate solvent with various other ingredients enumer-
ated above, as required, followed by filtered sterilization or
an equivalent procedure. Generally, dispersions are prepared
by incorporating the various sterilized active ingredients into
a sterile vehicle which contains the basic dispersion medium
and the required other ingredients from those enumerated
above. In the case of sterile powders for the preparation of
sterile injectable solutions, the preferred methods of prepa-
ration are vacuum-drying and freeze-drying techniques,
which yield a powder of the active ingredient, plus any
additional desired ingredient from a previously sterile-fil-
tered solution thereof.

[0053] Administration of the compositions will typically
be via any common route. This includes, but is not limited
to oral, or intravenous administration. Alternatively, admin-
istration may be by orthotopic, intradermal, subcutaneous,
intramuscular, intraperitoneal, or intranasal administration.
Such compositions would normally be administered as phar-
maceutically acceptable compositions that include physi-
ologically acceptable carriers, buffers or other excipients.
[0054] Upon formulation, solutions will be administered
in a manner compatible with the dosage formulation and in
such amount as is therapeutically or prophylactically effec-
tive. The formulations are easily administered in a variety of
dosage forms, such as the type of injectable solutions
described above.

[0055] 1. Pharmaceutical Compositions

[0056] In certain aspects, the compositions or agents for
use in the methods, such as HIF prolyl hydroxylase inhibitor
compound(s) and/or pharmaceutically acceptable salt and/or
solvate thereof, are suitably contained in a pharmaceutically
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acceptable carrier. The carrier is non-toxic, biocompatible
and is selected so as not to detrimentally affect the biological
activity of the agent. The agents in some aspects of the
disclosure may be formulated into preparations for local
delivery (i.e., to a specific location of the body) or systemic
delivery, in solid, semi-solid, gel, liquid or gaseous forms
such as tablets, capsules, powders, granules, ointments,
solutions, depositories, inhalants and injections allowing for
oral, parenteral or surgical administration. Certain aspects of
the disclosure also contemplate local administration of the
compositions by coating medical devices and the like.
[0057] Suitable carriers for parenteral delivery via inject-
able, infusion or irrigation and topical delivery include
distilled water, physiological phosphate-buffered saline, nor-
mal or lactated Ringer’s solutions, dextrose solution, Hank’s
solution, or propanediol. In addition, sterile, fixed oils may
be employed as a solvent or suspending medium. For this
purpose any biocompatible oil may be employed including
synthetic mono- or diglycerides. In addition, fatty acids such
as oleic acid find use in the preparation of injectables. The
carrier and agent may be compounded as a liquid, suspen-
sion, polymerizable or non-polymerizable gel, paste or
salve.

[0058] The carrier may also comprise a delivery vehicle to
sustain (i.e., extend, delay or regulate) the delivery of the
agent(s) or to enhance the delivery, uptake, stability or
pharmacokinetics of the therapeutic agent(s). Such a deliv-
ery vehicle may include, by way of non-limiting examples,
microparticles, microspheres, nanospheres or nanoparticles
composed of proteins, liposomes, carbohydrates, synthetic
organic compounds, inorganic compounds, polymeric or
copolymeric hydrogels and polymeric micelles.

[0059] In certain aspects, the actual dosage amount of a
composition administered to a patient or subject can be
determined by physical and physiological factors such as
body weight, severity of condition, the type of disease being
treated, previous or concurrent therapeutic interventions,
idiopathy of the patient and on the route of administration.
The practitioner responsible for administration will, in any
event, determine the concentration of active ingredient(s) in
a composition and appropriate dose(s) for the individual
subject.

[0060] Solutions of pharmaceutical compositions can be
prepared in water suitably mixed with a surfactant, such as
hydroxypropylcellulose. Dispersions also can be prepared in
glycerol, liquid polyethylene glycols, mixtures thereof and
in oils. Under ordinary conditions of storage and use, these
preparations contain a preservative to prevent the growth of
microorganisms.

[0061] In certain aspects, the pharmaceutical composi-
tions are advantageously administered in the form of inject-
able compositions either as liquid solutions or suspensions;
solid forms suitable or solution in, or suspension in, liquid
prior to injection may also be prepared. These preparations
also may be emulsified. A typical composition for such
purpose comprises a pharmaceutically acceptable carrier.
For instance, the composition may contain 10 mg or less, 25
mg, 50 mg or up to about 100 mg of human serum albumin
per milliliter of phosphate buffered saline. Other pharma-
ceutically acceptable carriers include aqueous solutions,
non-toxic excipients, including salts, preservatives, buffers
and the like.

[0062] Examples of non-aqueous solvents are propylene
glycol, polyethylene glycol, vegetable oil and injectable
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organic esters such as ethyloleate. Aqueous carriers include
water, alcoholic/aqueous solutions, saline solutions, paren-
teral vehicles such as sodium chloride, Ringer’s dextrose,
etc. Intravenous vehicles include fluid and nutrient replen-
ishers. Preservatives include antimicrobial agents, antgifun-
gal agents, anti-oxidants, chelating agents and inert gases.
The pH and exact concentration of the various components
the pharmaceutical composition are adjusted according to
well-known parameters.

[0063] Additional formulations are suitable for oral
administration. Oral formulations include such typical
excipients as, for example, pharmaceutical grades of man-
nitol, lactose, starch, magnesium stearate, sodium saccha-
rine, cellulose, magnesium carbonate and the like. The
compositions take the form of solutions, suspensions, tab-
lets, pills, capsules, sustained release formulations or pow-
ders.

[0064] In further aspects, the pharmaceutical composi-
tions may include classic pharmaceutical preparations.
Administration of pharmaceutical compositions according
to certain aspects may be via any common route so long as
the target tissue is available via that route. This may include
oral, nasal, buccal, rectal, vaginal or topical. Alternatively,
administration may be by orthotopic, intradermal, subcuta-
neous, intramuscular, intraperitoneal or intravenous injec-
tion. Such compositions would normally be administered as
pharmaceutically acceptable compositions that include
physiologically acceptable carriers, buffers or other excipi-
ents. For treatment of conditions of the lungs, aerosol
delivery can be used. Volume of the aerosol may be between
about 0.01 ml and 0.5 ml, for example.

[0065] An effective amount of the pharmaceutical com-
position is determined based on the intended goal. The term
“unit dose” or “dosage” refers to physically discrete units
suitable for use in a subject, each unit containing a prede-
termined-quantity of the pharmaceutical composition calcu-
lated to produce the desired responses discussed above in
association with its administration, i.e., the appropriate route
and treatment regimen. The quantity to be administered,
both according to number of treatments and unit dose,
depends on the protection or effect desired.

[0066] Precise amounts of the pharmaceutical composi-
tion also depend on the judgment of the practitioner and are
peculiar to each individual. Factors affecting the dose
include the physical and clinical state of the patient, the
route of administration, the intended goal of treatment (e.g.,
alleviation of symptoms versus cure) and the potency, sta-
bility and toxicity of the particular therapeutic substance.
[0067] 2. Other Agents

[0068] It is contemplated that other agents may be used in
combination with certain aspects of the present embodi-
ments to improve the therapeutic efficacy of treatment.
These additional agents include agents that can reduce
manganese toxicity in a subject. The therapeutic composi-
tion described herein can be combined with other therapy
(ies) for manganese toxicity. For example, a first composi-
tion or ingredient is “A” and a second composition or
ingredient is “B” can be combined and/or excluded, in a
non-limiting manner as follows:

A/B/A B/A/B B/B/A A/A/B A/B/B B/A/A A/B/B/B B/A/B/B
B/B/B/A B/B/A/B A/A/B/B A/B/A/B A/B/B/A B/B/A/A
B/A/B/A B/A/A/B A/A/A/B B/A/A/A A/B/AJ/A A/A/B/A.




US 2023/0101768 Al

B. EXAMPLES

[0069] The following examples are included to demon-
strate preferred embodiments of the invention. It should be
appreciated by those of skill in the art that the techniques
disclosed in the examples which follow represent techniques
discovered by the inventor to function well in the practice of
the invention, and thus can be considered to constitute
preferred modes for its practice. However, those of skill in
the art should, in light of the present disclosure, appreciate
that many changes can be made in the specific embodiments
which are disclosed and still obtain a like or similar result
without departing from the spirit and scope of the invention.

Example 1

Upregulation of SLC30A10 is a Critical,
Homeostatic Protective Response

[0070] Manganese exposure upregulates SLC30A10 in the
mouse liver or intestine. To test that manganese homeostasis
may be regulated by changes in critical manganese trans-
porters, mice were exposed to a daily drinking water-based
manganese exposure regimen that models environmental
manganese exposure in humans (11). In consideration of
strain-specific effects, this experiment was performed in
congenic 12984/SvJae] or CS57BL/6] mice, which are
widely used in biomedical research. Epidemiological studies
indicate that neurotoxicity from environmental manganese
exposure primarily affects human children and adolescents
(14-24). To recapitulate exposure across these developmen-
tally-sensitive early-life periods, mice were dosed with
manganese from birth until 8-weeks of age when they attain
adulthood (62) and assayed for changes in transporter
expression using gqRT-PCR. Manganese treatment increased
levels of SLC30A10 in the liver of 129S4/SvJael, but not
C57BL/6], mice (FIG. 1A). In contrast, there was a man-
ganese-induced increase in SLC30A10 levels in the intes-
tines of C57BL/6J, but not 129S4/Svlael, mice (FIG. 1A).
The manganese regimen did not impact expression of
SLC30A10 in the brain of either strain (FIG. 1A). Hepatic
and brain SLC39A14 and SLC39AS8 levels were elevated in
the 129S4/SvJael strain, while intestinal SLC39A14 levels
were enhanced in C57BL/6J mice (FIGS. 1B and C). Intes-
tinal SLC39AS8 levels did not change in either strain (FIG.
1C). Modest strain- and organ-dependent changes in two
other known manganese transporters—SPCA1, which trans-
ports manganese 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 (FIG. 1D-F), was observed.
Thus these animal studies show: (i) the manganese-induced
upregulation of SLC30A10 and SLC39A14 in the digestive
system may be homeostatically important as it was detected
in two strains of mice, albeit in different organs; and (ii)
strain-specific effects may make it challenging to interpret
rodent studies of manganese homeostasis; instead, a com-
prehensive mechanistic understanding of the homeostatic
control of manganese using disease-relevant culture models
was necessary before well-controlled animal studies could
be designed.

[0071] Manganese transcriptionally upregulates
SLC30A10. Based on the above, cell-based systems were
utilized for subsequent studies. Human-derived HepG2
hepatic cells were used for detailed assays because: (i) the
liver is the primary organ that excretes manganese; (ii) a
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robust manganese-induced increase in hepatic SLC30A10
and SLC39A14 was detected in 129S4/SvJae] mice (FIGS.
1 A & B); and (iii) HepG2 cells express SLC30A10 and
SLC39A14, and are amenable to genetic manipulation.
Subsequently, primary human hepatocytes were used to
validate key findings. In HepG2 cells, manganese-treatment
significantly elevated SLC30A10, but not SLC39A14, levels
(Table 1). Dose response experiments revealed that
SLC30A10 levels were elevated in cultures exposed to
levels of manganese as low as 62.5 uM (FIG. 2A), which
produced intracellular manganese levels equivalent to ~0.1
pg/cell (compared to ~1 fg/cell in vehicle-treated control
cells) (FIG. 2B). Time-course assays showed that manga-
nese rapidly upregulated SLC30A10, with statistically sig-
nificant increases evident within 2 h, and levels returned to
baseline by 24 h (FIG. 2C). Immunoblot analyses confirmed
that manganese increased SLC30A10 protein levels (FIG.
2D). Overall, these results: (i) identify the upregulation of
SLC30A10 to be a primary response to elevated manganese
exposure in hepatic systems in vitro; (ii) indicate that
SLC30A10 expression is highly sensitive to cellular man-
ganese levels with increases in manganese causing rapid
elevations in SLC30A10; and (iii) are consistent with the
effects of manganese on SLC30A10 expression observed in
preceding mouse studies.

TABLE 1

manganese upregulates SLC30A10 and VEGF
expression in HepG2 cells.

Relative expression t-test in comparison

Transcript after manganese with vehicle
SLC30A10 240 £0.28 p <0.05
SLC39AI4 0.71 £ 0.02 p <0.05
SLC39A8 0.87 = 0.09 n.s.
SPCA1 1.00 + 0.05 .s.
FPN 0.77 £ 0.21 ..
DMT1 0.92 £ 0.03 p <0.05
VEGF 2.41 £0.29 p <0.05

Cells were treated with 0 or 250 M manganese for 4 h, and
gene expression was analyzed by qRT-PCR. For each tran-
script, expression without manganese treatment was normal-
ized to 1. N=4. Data are mean=SE.

[0072] SLC30A10 is transcriptionally upregulated by
manganese, and a hypoxia response element in the
SLC30A10 promoter is required. The mechanisms of the
manganese-induced upregulation of SLC30A10 were stud-
ied. Pre-treatment with the transcription inhibitor actinomy-
cin D (64) blocked the increase in SLC30A10 mRNA after
manganese exposure in HepG2 cells (FIG. 3A), indicating
that transcriptional activity was required for the SLC30A10
response, and that SLC30A10 gene expression may be
transcriptionally upregulated by elevated manganese. To test
this, a promoter-reporter approach was used. The promoter
of SLC30A10 (nucleotides —679 to +211 relative to the start
of transcription of SLC30A10 gene) was fused upstream of
the luciferase gene (this construct is referred as SLC30A10™
679 10 +211luc) (FIG. 3B) and lentivirus was used to generate
HepG2 cells that stably expressed this construct. Treatment
with manganese increased luciferase activity in cells
expressing SLC30A107%7°  *2!1yc, while as expected,
there was no change in cells expressing a luciferase-only
control construct (FIGS. 3B & C). Thus, the promoter of
SLC30A10 contains a sequence element that responds to
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elevated manganese by increasing downstream gene tran-
scription. To identify this sequence element, aspects of the
promoter in SLC30A107%7% © +2!1 Iyc (FIG. 3B) was
deleted, HepG2 cells were stably infected with the generated
constructs, and the luciferase assay was repeated. The man-
ganese-induced increase in luciferase activity was evident in
cells expressing SLC30A1077% © =12 [uc or SLC30A107°7°
10 -210 luc, but not SLC30A 10757 © ~***1yc (FIGS. 3B & C),
suggesting that residues —-448 to -210 contained the man-
ganese responsive element. Indeed, SLC30A10%-*% %
—210luc failed to respond to manganese, while SLC30A10~
448 1 —210luc exhibited a robust response (FIGS. 3B & C).
Thus, residues —448 to —210 of the SLC30A10 promoter are
required and sufficient to mediate the manganese-induced
increase in transcription. Through a subsequent set of dele-
tion analyses, the required and sufficient sequence was
refined to residues -368 to 210 in the SLC30A10 promoter
(FIGS. 3B&C). Bioinformatic analyses using the PROMO-
ALGGEN algorithm (65, 66) revealed that the -368 to —210
region contained putative binding sites for C/EBPB, YY1,
RXRa, HIF, P53, and c-Jun transcription factors. Expression
of dominant negative versions of C/EBPB, YY1, RXRa,
P53, or c-Jun did not affect the manganese-induced upregu-
lation of SLC30A10 mRNA (FIG. 3D). As a positive con-
trol, it was verified that the dominant negative mutants
produced expected changes in the expression of their known
target genes (67-71)—increase in MAP1LC3B, CDKNIA,
or CYP7A1 mRNA with dominant negative C-Jun, C/EBPB
or RXRa respectively and decrease in CDK6 or PUMA
mRNA with dominant negative YY1 or P53 respectively
(FIG. 3E). Thus, the manganese-induced upregulation of
SLC30A10 is independent of C/EBPB, YY1, RXRa, P53,
and c-Jun. A dominant negative approach to inhibit HIF
could not be used (see knockdown studies below). Instead,
the only hypoxia response element within the -368 to -210
region of the SLC30A10 promoter (S'RCGTG (72)), which
is the binding site for HIF transcription factors was deleted
(FIG. 3F), and repeated the luciferase assay. Importantly,
deletion of this hypoxia response element abolished the
manganese-induced increase in luciferase activity (FIG.
3G). In totality, manganese transcriptionally upregulates
SLC30A10, and a hypoxia response element in the promoter
of SLC30A10 is required.

[0073] Transcriptional activity of HIF1 or HIF2 is
required and sufficient to increase SLC30A10 expression
after manganese exposure. Results presented above suggest
that HIF transcription factors likely mediate the manganese-
induced upregulation of SLC30A10. HIFs are heterodimeric
transcription factors formed by the association of an a
subunit, the most well-studied of which are HIFla or
HIF2a, with a common { subunit (HIF13/ARNT) (72). The
transcriptionally active moieties are named after the a sub-
units. Both HIF1 and HIF2 bind the canonical hypoxia
response element (73). Under normoxic conditions, HIFa
sub-units are rapidly hydroxylated by prolyl hydroxylases,
subsequently bound by the von Hippel-Lindau (VHL) pro-
tein complex, ubiquitinated, and targeted for proteasomal
degradation (72, 74). Hypoxia inhibits prolyl hydroxylases,
leading to an increase in HIF 1o or HIF2a. protein levels and
allowing for the formation of transcriptionally active het-
erodimeric complexes with HIF13/ARNT (72, 74). Notably,
elevated levels of divalent metals also inhibit prolyl
hydroxylases, which are Fe containing enzymes, and
increase HIFla protein levels as well as HIF1-dependent
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transcription (75-81). Thus, whether elevated manganese
may induce SLC30A10 expression by activating HIFs were
tested. But, before directly testing this, it was essential to
confirm that HIFs were indeed activated in the studied
experimental system. It was observed that treatment with
manganese increased protein levels of HIF1a and HIF2a in
HepG2 cells (FIG. 4A-C). The increase was evident at 4
hours and returned to baseline by 24 h (FIG. 4A-C), similar
to the time-course of the SLC30A10 response (FIG. 2).
Further, HIF1o and HIF2o were detected in the nucleus of
manganese-treated cells (FIG. 4D), which is necessary for
transcriptional activity. Finally, manganese also enhanced
expression of VEGF (Table 1), a canonical HIF1 target gene
(72). These findings indicated that manganese treatment
activated HIF transcription factors, and combined with the
luciferase-reporter assays, provided strong justification to
test for the requirement of HIF1 or HIF2 for the manganese-
induced SLC30A10 response.

[0074] To test for the role of HIF1 or HIF2, a lentivirus-
based shRNA system was used to stably knockdown HIF1a
or HIF2a in cells. Both shRNAs significantly depleted the
targeted gene product (Table 2); a compensatory increase in
HIF 1o mRNA was detected with HIF2a knockdown (Table
2). However, despite efficient knockdown, the manganese-
induced elevation of VEGF or SLC30A10 was only mod-
estly attenuated (FIGS. 5A&B). The lack of a strong inhibi-
tory effect of knockdown of either gene product could be due
to redundancy. To test this, the common HIF1B/ARNT
subunit was depleted using two separate shRNAs. Each
shRNA had a knockdown efficiency of ~50% (Table 2), and
each shRNA partially inhibited the manganese-induced
elevation of VEGF and SLC30A10 by ~50-60% relative to
scramble (FIG. 5C). The failure of HIF1/ARNT knock-
down to also completely abolish the SLC30A10 response
could be a consequence of incomplete knockdown or indi-
cate that another transcription factor was involved. There-
fore, in subsequent experiments, HIF 1o and HIF2a double
knockdown cells were generated by performing sequential
lentiviral infections. Knockdown efficiency of HIF1a was
~80% and of HIF2a was ~65% (Table 2). Notably, the
ability of manganese to enhance SLC30A10 expression was
very strongly repressed in the double knockdown cells, and
relative to scramble shRNA, the manganese-induced
increase of SLC30A10 was inhibited by ~90% in the double
knockdown cells (FIG. 5D). A similar strong inhibition of
the manganese-induced elevation of VEGF was also
observed (FIG. 5D). For further validation, the small mol-
ecule LW6, which degrades HIFa subunits by inducing
expression of VHL (82), was used. Importantly, LW6 treat-
ment robustly blocked the manganese-induced upregulation
of SLC30A10 and VEGF (FIG. 5E), and further, LW6 also
abolished the manganese-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
manganese-induced upregulation of SLC30A10. Finally,
expression of VHL-insensitive versions of mouse HIF 1o or
HIF2o that could not get prolyl hydroxylated and were
therefore expressed at high levels under normoxic condi-
tions increased SLC30A10 levels independent of manganese
exposure (FIG. 5G), implying that activity of either HIF1 or
HIF2 is sufficient to upregulate SLC30A10. Overall, these
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results indicate that the manganese-induced transcriptional
upregulation of SLC30A10 is mediated by HIF1 and HIF2
in a redundant manner.

TABLE 2

Validation of shRNAs targeting HIF1a, HIF2a or HIF1B/ARNT.

Relative expression t-test or ANOVA in
in comparison with  comparison with

shRNA Transcript scramble shRNA scramble shRNA
HIFla HIFla 0.16 = 0.02 p <0.05
HIFla HIF2a 1.13 £ 0.13 n.s.
HIF2a HIFla 142 £0.11 p <0.05
HIF2a HIF2a 0.29 = 0.07 p <0.05
HIF1B/ARNT  HIF1p/ARNT 0.59 = 0.03 p <0.05
sequence 1

HIFIBARNT  HIF1p/ARNT 0.47 £ 0.02 p <0.05
sequence 2

HIFla + HIF2a HIFla 0.20 = 0.01 p <0.05
HIFla + HIF2a HIF2a 0.35 £ 0.02 p <0.05

[0075] qRT-PCR analyses in HepG2 cells stably infected
with scramble shRNAs or shRNAs targeting HIF1a, HIF2a,
HIF1B/ARNT or HIF1a+HIF2c. Expression in respective
scramble shRNA control cells was normalized to 1.
Scramble shRNA sequence 1 was used for the HIFla
shRNA assay (single knockdown). Scramble shRNA
sequence 2 was used for the other experiments, including
HIF1a+HIF2a double knockdown. N=3-4. Except HIF1p/
ARNT shRNAs, p<0.05 by t-test in comparison with respec-
tive scramble shRNA. For HIF13/ARNT shRNAs, p<0.05
by one-way ANOVA and Dunnett’s post hoc test in com-
parison with scramble shRNA. N.S.—not significant.

[0076] Manganese inhibits the prolyl hydroxylation of
HIFa subunit. To elucidate the mechanism by which man-
ganese increased HIFa protein levels, changes in HIFla
prolyl hydroxylation in HepG2 cells were assayed because:
(i) metals are known inhibitors of the prolyl hydroxylation
of HIFo subunits (77-80); (ii) although manganese
increased HIF 1o or HIF2a protein levels by 4 h (FIG. 4A),
levels of HIF1a or HIF2a. mRNA were not elevated at this
time-point (FIG. 6A), suggesting that the increase in HIF1a
and HIF2a protein was post-translational; and (iii) a specific
and sensitive antibody against human hydroxy-prolyl HIF 1o
was available. Since prolyl hydroxylated HIF1a is rapidly
degraded in the proteasome (72, 74), the assay was per-
formed with or without treatment with the proteasome
inhibitor MG132. In the absence of MG132, prolyl hydroxy-
lated HIFla was not detected irrespective of manganese
treatment (FIG. 6B), but similar to results in FIG. 4A, total
HIF1a levels were elevated after manganese treatment (FIG.
6B). Proteasome inhibition led to the accumulation of prolyl
hydroxylated HIF1o in cells that had not been exposed to
manganese (FIG. 6B). Importantly, however, signals for
prolyl hydroxylated HIF 1o were substantially lower in the
manganese-treated condition, and total HIFla levels of
manganese-treated cells were greater than in those not
treated with manganese (FIG. 6B). Finally, levels of prolyl
hydroxylase domain 2 (PHD2), the primary enzyme that
hydroxylates HIFa. subunits (74), were elevated in manga-
nese-treated cells (FIG. 6A), ruling out the possibility that
the observed reduction in prolyl hydroxylation of HIFla
was a consequence of a decrease in prolyl hydroxylase gene
expression. Thus, manganese inhibits prolyl hydroxylation
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of HIF o subunits, which increases HIFa protein levels and
induces HIF-dependent transcription.

[0077] The  manganese-induced  upregulation  of
SLC30A10 is a critical, homeostatic protective response. To
determine the physiological relevance of the manganese-
induced increase in SLC30A10, intracellular metal levels
and viability of HIF1B/ARNT knockdown HepG2 cells, in
which the SLC30A10 response is inhibited, was compared
with controls. As both HIF13/ARNT shRNAs were equally
effective in inhibiting the SLC30A10 response (FIG. 5C),
the metal measurement and viability assays were performed
using only one shRNA. Under basal conditions, manganese
levels of the knockdown cells were comparable to scramble
shRNA-infected control (FIG. 7A). However, after manga-
nese treatment, manganese levels in HIF1B/ARNT knock-
down cells were higher than controls (FIG. 7A). Levels of
other metals (Fe, Cu, and Zn) were unaltered (FIG. 7B).
Further, HIF13/ARNT knockdown cells were more sensitive
to manganese-induced death (FIG. 7C). These results sug-
gest that the upregulation of SLC30A10 is a critical homeo-
static response to elevated manganese exposure that reduces
intracellular manganese levels and protects against manga-
nese toxicity.

Example 2

Prolyl Hydroxylase Inhibitors Protect Against
Manganese Toxicity

[0078] Prolyl hydroxylase inhibitors protect cells against
manganese toxicity. Roxadustat, vadadustat and molidustat
are small molecule inhibitors of prolyl hydroxylases that
have completed, or are in, advanced clinical trials for the
treatment of renal anemia (83-86). By inhibiting prolyl
hydroxylase enzymes, these compounds increase HIFa pro-
tein and activate HIF-dependent transcription (83-86).
Inventors have discovered that SLC30A10 is upregulated by
HIF1/HIF2, showing that prolyl hydroxylase inhibitors may
induce SLC30A10 expression, reduce manganese levels,
and protect against manganese toxicity. In HepG2 cells,
roxadustat or vadadustat increased levels of HIFlo. and
HIF2a protein (FIG. 8A), and enhanced expression of
SLC30A10 in a concentration- and time-dependent manner
(FIGS. 8B&C). Further, while roxadustat or vadadustat did
not impact intracellular manganese in cells not exposed to
manganese, under conditions of elevated manganese expo-
sure, intracellular manganese levels of cells treated with
roxadustat or vadadustat were significantly lower than con-
trols (FIG. 8D). Levels of other metals (Fe, Cu and Zn) were
not altered by drug treatment (FIG. 8E), indicating that the
effect was specific to manganese. Roxadustat or vadadustat
also protected cells against manganese-induced cell death
(FIG. 8F). Similar results were obtained with molidustat
(FIG. 8G-I). Thus, prolyl hydroxylase inhibitors increase
SLC30A10 expression, reduce intracellular manganese lev-
els, and protect cells against manganese toxicity.

[0079] Validation of results in primary human hepato-
cytes. To validate the physiological relevance of results
obtained in HepG2 cells, confirmatory assays in primary
human hepatocytes were performed. Importantly, in the
primary system, treatment with manganese increased VEGF
or SLC30A10 expression, and this increase was inhibited by
the HIF-inhibitor LW6 (FIG. 10A). Additionally, treatment
with roxadustat or vadadustat also increased VEGF or
SLC30A10 expression (FIG. 10B). These results validate
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the primary conclusions of findings from HepG2 cells and
indicate that manganese increases SLC30A10 expression in
a HIF-dependent manner in primary hepatocytes.

[0080] Prolyl hydroxylase inhibitors protects mice against
manganese neurotoxicity. Based on the compelling cell
culture data, analyses were expanded to mice and performed
a proof-of-principle protection experiment using roxadustat.
C57BL/6] mice were used for this assay because: (i) neu-
robehavioral outcomes are well characterized in this strain;
(i1) inventors observed that roxadustat treatment increased
intestinal SLC30A10 levels in these animals (FIG. 11A);
and (iii) similar to an increase in hepatic SLC30A10,
increased intestinal SLC30A10 is expected to enhance man-
ganese excretion. Neurological function was assayed for
using the open-field test. The first 5 min interval of the test
provides information about behavioral reactivity and explor-
atory behavior of rodents in a novel environment, and
increases 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 ani-
mals, and decreases in this interval are indicative of neuro-
motor deficits. There were no differences between groups in
the first 5-min interval (FIG. 11B). In the 6-15 min interval,
consistent with a neuromotor dysfunction, animals exposed
to manganese-only exhibited reduced vertical (i.e. rearing)
movement than vehicle-treated controls (FIG. 11B). Impor-
tantly, this hypo-locomotor phenotype was not detected in
mice treated with manganese and roxadustat (FIG. 11B), and
additionally, roxadustat treatment by itself did not impact
activity (FIG. 11B). Tissue metal measurements performed
after completion of the neurobehavioral test revealed that, as
expected, there was a main effect of manganese treatment in
increasing brain manganese levels (FIG. 11C), and a trend
towards an increase in blood manganese was also evident
(FIG. 11C). Notably, there was a main effect of roxadustat in
reducing brain manganese levels (FIG. 11C), providing an
explanation for the neuroprotective effect of roxadustat in
the open field test. Changes in manganese were specific
because levels of other metals (Fe, Cu, and Zn) were not
impacted by manganese exposure or roxadustat treatment
(FIG. 11D). Roxadustat did not impact brain SLC30A10
levels (FIG. 11A), suggesting that the protective effect of
roxadustat against manganese neurotoxicity was unlikely to
be a consequence of a direct reduction of brain manganese
levels by elevations in SLC30A10, and instead, more likely
to be reflective of an increase in manganese excretion.
Overall, roxadustat reduces brain manganese levels and
protects against manganese neurotoxicity, suggesting that it
may be useful for the treatment of neurological disease
induced by manganese in humans.

Methods Used for the Experiments in the Examples

[0081] Animal experiments. All experiments with mice
were approved by the Institutional Animal Care and Use
Committee of the University of Texas at Austin.

[0082] A well-characterized drinking water-based manga-
nese exposure regimen was used to model human environ-
mental manganese exposure by providing mice with ~50 mg
manganeseCl,.4H,0/kg body weight daily (~15 mg abso-
lute manganese/kg per day) from birth until 8 weeks of age.
This, and related similar, dosing regimens: 1) approximate
the increase in manganese exposure in humans consuming
well water contaminated with 1.5 mg manganese/L, which is
the median well water concentration associated with neuro-
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logical deficits in children; 2) increase brain manganese
levels by ~2-3 fold, similar to human patients; 3) produce
measurable neurobehavioral deficits without overt toxicity;
and 4) model exposure to manganese in developmentally-
sensitive early-life and adolescent periods (11). Pre-weaning
manganese was delivered by pipette directly into the mouth,
and post-weaning manganese was delivered in drinking
water using procedures described in detail in ref. (11). In
brief, pre-weaning dosing was adjusted to each animal’s
body weight. For this, a stock solution of 69.2 mg absolute
manganese/ml prepared in milliQ water was diluted in
milliQ water containing 2.5% (wt/vol) of the natural sweet-
ener Stevia (to facilitate intake by pups), and the required
manganese amount (0.2 pl manganese stock/g body weight)
was delivered in a dose of ~5-10 pl/animal. For post-
weaning exposure, a 27.7 mg absolute manganese/ml stock
solution was prepared in water and diluted to 0.069 mg
absolute manganese/ml in drinking water, which provided
mice with ~15 mg absolute manganese/kg per day based on
a daily water intake of ~2-5 ml/mouse depending on age.
[0083] To assay for the protective effect of roxadustat,
animals were exposed to roxadustat or vehicle with or
without manganese in drinking water from ~4 weeks of age.
Treatment lasted for 4 weeks from initiation. Roxadustat
(Selleckchem) was prepared as a 50 mg/ml stock solution in
DMSO, then diluted to 1 mg/ml in sterile phosphate buffered
saline (PBS), and delivered by daily i.p. injection at 10
mg/kg. Vehicle was 2% DMSO in PBS. For this experiment,
drinking water manganese levels were adjusted to 0.138 mg
absolute manganese/ml so that animals received ~30 mg
absolute manganese/kg daily. A higher level of manganese
was used because exposure was initiated after weaning,
which was necessary because daily i.p. injections for roxa-
dustat delivery were not possible in the pre-weaning period.
[0084] Breeders for C57BL/6] and 12654/Svlael mice
were obtained from The Jackson Labs. Mice were crossed
and litters housed in the conventional facility of the Uni-
versity of Texas at Austin in a room maintained at 21° C.
with a 12-h light-dark cycle (lights on between 7 p.m. and
7 a.m.). Animals were weaned at PND 21. After weaning,
3-4 littermates of the same sex were kept per cage. Animals
had free access to food and water.

[0085] Animals were euthanized using carbon dioxide and
tissue dissected for qRT-PCR or ICPMS analyses as
described by us previously (50).

[0086] Cell culture. HepG2 cells were grown in Eagle’s
modified essential medium (MEM; Corning) with 10% fetal
bovine serum (Atlanta Biologicals), 100 TU/ml penicillin
(Corning), and 100 pg/ml streptomycin (Corning). 293T
cells were maintained in Dulbecco’s modified essential
medium/F12 (Thermo) supplemented with 10% fetal bovine
serum, penicillin (100 IU/ml), and streptomycin (100
pg/ml). Human primary hepatocytes were purchased from
XenoTech (catalog #HPCH10+) and cultured according to
protocols provided by the supplier.

[0087] manganese and drug treatments in cell culture.
Cells were treated with indicated levels of manganese as
manganeseCl,.4H,0O (Fisher). Vehicle for manganese treat-
ment was water. Prolyl hydroxylase inhibitors roxadustat
(Caymen), vadadustat, and molidustat (both APE-Bio); the
HIFa inhibitor LW6 (Selleckchem); the proteasomal inhibi-
tor MG132 (Sigma); and the transcription inhibitor actino-
mycin D (Sigma) were dissolved in DMSO. LW6, MG132,
and actinomycin D were used at an effective concentration
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of 10 uM, 10 pM, and 5 pM, respectively (64, 82) while
prolyl hydroxylase inhibitors were used at concentrations
indicated in the figure legends. Vehicle treatment for all
drugs was DMSO.

[0088] Plasmids and shRNAs. Lentivirus infections were
used to stably express luciferase or dominant negative
constructs, and shRNAs targeting HIF1o, HIF2c, or HIF1p/
ARNT.

[0089] A luciferase reporter plasmid containing the proxi-
mal promoter of human SLC30A10 has been previously
described and was a gift of Dr. Ruth Valentine (100). The
promoter fragment corresponding to bases -679 to +211
relative to the start of transcription was sub-cloned into the
Xhol and Spel sites of pPRRLSIN.cPPTLuciferase. WPRE
vector (Addgene, #69251), which is a luciferase vector for
lentivirus infections. Deletion mutants were generated using
the loop-out modification of the QuikChange protocol.
[0090] Plasmids encoding dominant negative versions of
C/EBPB, which contains an N-terminal acidic extension
fused to the HLH-ZIP region, c-Jun encoding amino acid
residues 123-331, and P53 encoding a truncated protein of
amino acids 300-393 were obtained from Addgene (#33363,
40350, and 25989 respectively). Plasmids encoding full-
length RXRa or YY1 were obtained from DNASU
(#HsCDO00079702 or #HsCDO00005306, respectively), and
dominant negative versions generated by deleting the trans-
activation domain (amino acids 444-462) of RXRa (101) or
introducing the S339/8342 mutation in YY1 (102). Plasmids
encoding VHL insensitive mouse HIF 1a and HIF2a were a
gift of Dr. Sadeesh Ramakrishnan (University of Pittsburgh).
These open reading frames were sub-cloned into the Nhel/
EcoR1 sites of the lentivirus transfer plasmid LAMP1-
mRFP-FLAG (Addgene #34611), which has been described
previously (49).

[0091] ShRNA sequences targeting HIFla, HIF2a, or
HIF18/ARNT (Table 3) were obtained from the MISSION®
TRC shRNA library (Sigma) or were previously described
(103). Scramble shRNA sequence 1 was from the MIS-
SION® TRC shRNA library while scramble shRNA
sequence 2 (Table 3) has been previously reported (104).
These sequences were sub-cloned into the lentivirus transfer
plasmid pLKO.1 vector (Addgene #8453).

TABLE 3

Sequences of shRNAs used. For HIF1f/ARNT and
scramble shRNAs, the numbers 1 and
2 refer to sequence 1 and 2.

shRNA Sequence Reference

HIFla TGCTCTTTGTGGTTGGATCTA  (103)

HIF20 CAGTACCCAGACGGATTTCAA TRCN0000003806
(MISSION® shRNA
library (Sigma))

HIF1f AGCCTCATCATCGTTCAAGTT TRCN0000003820

shRNA- 1 (MISSION® shRNA
library (Sigma))

HIF1p GCCTACACTCTCCAACACAAT TRCN0000003816

shRNA- 2 (MISSION® shRNA

library (Sigma))

Scramble CAACAAGATGAAGAGCACCAA  SHCO002
shRNA- 1 (MISSION® shRNA
library (Sigma))
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TABLE 3-continued
Sequences of shRNAs used. For HIF1f/ARNT and
scramble shRNAs, the numbers 1 and
2 refer to sequence 1 and 2.
shRNA Sequence Reference

Scramble GTGGACTCTTGAAAGTACTAT (104)
shRNA-2

[0092] Lentiviral infections. Stable cells were generated
by lentivirus infection essentially as described by us previ-
ously (49, 98). Briefly, lentivirus was produced in HEK293T
cells by co-transfecting transfer plasmids described above
with plasmids coding for a third generation packing system
that is routinely used (pRSV-Rev, pRRE, and pCMV-
VSVG) (49, 98). Viral supernatants were collected 40-48 h
post-transfection. HepG2 cells for infection were plated in a
60 mm dish 24 h before infection so that cells reached a
confluence of 30% on the day of infection. Collected viral
supernatants were filtered through a 0.45-pm polyvinylidene
difluoride filter, and cells were incubated with a 1:2 dilution
of viral supernatant containing 5 pg/ml. Polybrene (Santa
Cruz). Media was changed the next day to fresh MEM
supplemented with 10% fetal bovine serum, penicillin (100
IU/ml), and streptomycin (100 pg/ml). Forty-eight hours
after infection, for dominant negative and shRNA-infec-
tions, 2 pg/ml, puromycin (Sigma-Aldrich) was added to
obtain puromycin-resistant cells (the transfer plasmid for
luciferase constructs did not confer resistance to puromy-
cin). For HIFla+HIF2o double knockdown, cells were
sequentially infected with lentivirus targeting HIFla and
HIF2q., and the infections were spaced by one week. Control
infection cells for the double knockdown were exposed to
lentivirus containing scrambled shRNA followed one week
later by lentivirus lacking a transfer plasmid.

[0093] Quantitative RT-PCR assays. RNA extraction from
HepG2 cells and mouse tissue, reverse transcription to
c¢DNA, and qRT-PCR analyses were performed as described
by us previously (47, 50). For analyses of mouse brain
samples, a part of the midbrain, including the basal ganglia,
was used. Transcript levels were quantified using the AAC,.
method with 18S (in mice) or TBP (in HepG2 cells) as the
internal control, also as described by us previously (47, 50).
Primers used are listed in Table 4.

TABLE 4

gRT-PCR primers.

Forward primer Reverse primer

Gene species sequence sequence
HIFla Human CCACAGG TCAAGTC
ACAGTAC GTGCTGA
AGGATG ATAATAC
C
HIF2aa Human GCGACAA CAGCATC
TGACAGC CCGGGAC
TGACAA TTCT
HIF1p Human CTAGTGG CAATGTT
CCATTGG GTGTCGG
CAGATT GAGATG
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TABLE 4-continued TABLE 4-continued
JRT-PCR primers. JgRT-PCR primers.
Forward primer Reverse primer Forward primer Reverse primer
Gene species sequence sequence Gene species sequence sequence
SLC39A8  Human ATGCTAC CAGGAAT Fpn Mouse TTGCAGG TGGAGTT
CCARATA CCATATC AGTCATT CTGCACA
ACCAGC CCCAAAC GCTGCTA CCATTGA
T
DMT1 Human TGGCTTA CACACTG
TCTGGGC GCTCTGA Spcal Mouse GACTCTA CTTCGTC
TTTGTG TGGCTA GCCCTTE AGGGTTC
GTGTTAT CAGTTT
SLC39A14 Human TGTCTCC GGAATCA G
AAGTCTG TGTGGTC
CAGTGG CAGETC 188 Mouse CATTAAG GTCATCE
GGCGTGG GTTCTGC
SLC30A10 Human TTCCCGC ACTGCTA GGCGG ATGATG
TTATCAA ATTCCAG
GGAGACC GCACAGC
[0094] Cell viability assays. These were performed using
FPN Human CAGTTAA ARGCTCA the 3-(4,5-dimethylthiazol-2-y1)-2,5-diphenyl tetrazolium
CCAACAT TGGATGT . . . .
CTTAGE TAGAG bromide (MTT) reagent (Sigma) as described by us previ-
ously (47, 50).
SPCAL Human GGATAGA TGRGGAG [0095] Inductively coupled plasma mass spectrometry.
gggg 3? ggg;gic Metal measurements using ICP-MS were performed exactly
Ac as described by us previously (47, 50, 51, 99).
[0096] Open-field assays for neurobehavior assessment.
VEGF Human GGGTCTC AGGGCRG Open-field analyses were performed as described in a recent
GATTGGA AATCATC .
TGaCA ACGAAGT publication (51).
[0097] Immunofluorescence microscopy. This was also
MAPLLC3B  Human CCGCCGC GAGTCAG performed as described d previously (47, 50, 51). Briefly,
CTTTTTG GGACCTT : . o
cells were grown on glass coverslips, fixed with 3%
GGTAG CAGCAG 7. .
paraformaldehyde, and processed for staining as previously
CDK6 Human CGCCTAT TTGGGGT reported (47, 50, 51). Nucleus was stained using 4',6-
GGGAAGGE GCTCGAA diamidino-2-phenylindole (DAPI). Imaging was using a
TGTTC cereT Nikon swept field confocal equipped with a four-line high-
CDKN1A Human ACOTGGA TTAGGEE power laser launch and 60x, 1.4 numerical aperture oil-
GACTCTC TTCCTCT immersion objective (Nikon). Image capture was with an
AGGGTCG TGGAGAA iXon3 X3 DU897 EM-CCD camera (Andor Technology).
GAT [0098] Immunoblots. HepG2 cells were cultured in 35 mm
PUMA Human J— AATGAAT dishes, treated with or without manganese, MG132 and/or
TCCTGTG GCCAGTG prolyl hydroxylase inhibitors, and scrapped using 200 pl of
CTCTGC GTCACA RIPA buffer (50 mM TriS-HCl, pH74, 150 mM NaCl, 1Mm
EDTA; 1% Triton; 0.25% sodium deoxycholate; protease
CYP7AL Human CCATAAG CATCCAT inhibitors cocktail (Thermo A32953)). Whole-cell lysates
gzgzng ;Sggg? were prepared by adding loading buffer (50 mM Tris-HCl,
pH 7.4; 2% sodium dodecyl sulfate; 10% glycerol, 0.1 M
TBD Human CGAACCA TTTCTTG dithiothr.eitol; 0.01% (weight/yolume) bromophenol blue)
CGGCACT CTGCCAG and boiling the samples for 5 min. Equal volumes of samples
GATTTTC TCTGGAC were loaded per lane. Further processing was as described
by us previously (47). Images were quantified using
Slc39ald  Mouse ARGTCCC CTGGGAA ImageQuant TL software (GE)
TGCTCGA TCCAGCT S . ’ .
ceac GeTG [00?9] Luciferase assays. HepG2 ?ells stal;)ly expressing
luciferase constructs were treated with or without 250 uM
Slc39a8  Mouse CTCGCCT GCTTTGC manganese for 16 h. Luciferase assays were performed using
TCAGTGA GTTGTGC the Luciferase Assay System kit (Promega) according to the
GGATGT TTTCTT manufacturer’s instruction and normalized to protein con-
— Mouse TCAGAGE TGTGAAC tent (Bio-Rad protein assay dye, #5000006).
TCCACCA GTGAGGA [0100] Transcription factor binding prediction. Transcrip-
TGACTG TGGGTA tion factors predicted to bind the SLC30A10 promoter were
) identified using the PROMO-ALGGEN algorithm (65, 66).
$1c30a10 M GTAGCAG GTGATGA o . .
o0 ouse GTGATTC CORCARC [0101]_ Antibodies .and chemlcals. The .mve.ntors.used the
CCTGAAC CACGGAC following commercial primary antibodies in this study:

rabbit polyclonal anti-HIF 1o (Abcam, Ab2185), rabbit poly-
clonal anti-HIF2a. (Novus, NB100-122), rabbit monoclonal
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anti-HIF1a proline 564 (Cell signaling, 3434S), and mouse
monoclonal anti-tubulin (Sigma, T5168). We have previ-
ously described the custom rabbit polyclonal anti-
SLC30A10 antibody raised against the C-terminus of human
SLC30A10 that detects SLC30A10 in human cell lines (but
not in mouse tissue) (50, 51). Sources of chemicals not
provided elsewhere were Thermo Fisher Scientific or
Sigma-Aldrich.

[0102] Statistical analyses. Cell culture experiments were
replicated three or more times independently. Animal num-
bers are provided in the figure legends. Comparisons
between multiple groups were performed using one- or
two-way ANOVA and appropriate post hoc tests. Compari-
sons between two groups were performed using Student’s
t-test. The Prism 8 software (GraphPad, La Jolla, Calif.) was
used. P<0.05 was considered to be significant. Asterisks in
graphs denote statistically significant differences.

[0103] All of the methods disclosed and claimed herein
can be made and executed without undue experimentation in
light of the present disclosure. While the compositions and
methods of this invention have been described in terms of
preferred embodiments, it will be apparent to those of skill
in the art that variations may be applied to the methods and
in the steps or in the sequence of steps of the method
described herein without departing from the concept, spirit
and scope of the invention. More specifically, it will be
apparent that certain agents which are both chemically and
physiologically related may be substituted for the agents
described herein while the same or similar results would be
achieved. All such similar substitutes and modifications
apparent to those skilled in the art are deemed to be within
the spirit, scope and concept of the invention as defined by
the appended claims.
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SEQUENCE LISTING

Sequence total quantity: 52

SEQ ID NO: 1
FEATURE
source

SEQUENCE: 1
tgctetttgt ggttggatct

SEQ ID NO: 2
FEATURE
source

SEQUENCE: 2
cagtacccag acggatttca

SEQ ID NO: 3
FEATURE
source

SEQUENCE: 3
agcctcatca tcgttcaagt

SEQ ID NO: 4
FEATURE
source

SEQUENCE: 4
gcctacacte tccaacacaa

SEQ ID NO: 5
FEATURE
source

SEQUENCE: 5
caacaagatg aagagcacca

SEQ ID NO: 6
FEATURE
source

SEQUENCE: 6
gtggactctt gaaagtacta

SEQ ID NO: 7
FEATURE
source

SEQUENCE: 7
ccacaggaca gtacaggatg

SEQ ID NO: 8
FEATURE
source

SEQUENCE: 8
tcaagtcgtyg ctgaataata

SEQ ID NO: 9
FEATURE
source

SEQUENCE: 9

gcgacaatga cagctgacaa

SEQ ID NO: 10
FEATURE

moltype = DNA 1length = 21
Location/Qualifiers

1..21
mol type = other DNA
organism = synthetic construct

moltype = DNA 1length = 21
Location/Qualifiers

1..21
mol type = other DNA
organism = synthetic construct

moltype = DNA 1length = 21
Location/Qualifiers

1..21
mol_type = other DNA
organism = synthetic construct

moltype = DNA 1length = 21
Location/Qualifiers

1..21
mol type = other DNA
organism = synthetic construct

moltype = DNA 1length = 21
Location/Qualifiers

1..21
mol_type = other DNA
organism = synthetic construct

moltype = DNA length = 21
Location/Qualifiers

1..21
mol type = other DNA
organism = synthetic construct

moltype = DNA 1length = 20
Location/Qualifiers

1..20
mol_type = other DNA
organism = synthetic construct

moltype = DNA length = 22
Location/Qualifiers

1..22

mol_type = other DNA

organism = synthetic construct
cc

moltype = DNA 1length = 20
Location/Qualifiers

1..20
mol_type = other DNA
organism = synthetic construct

moltype = DNA length = 18
Location/Qualifiers

21

21

21

21

21

21

20

22

20
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source 1..18

mol_type = other DNA

organism = synthetic construct
SEQUENCE: 10
cagcatcccg ggacttcet

SEQ ID NO: 11 moltype = DNA length = 20
FEATURE Location/Qualifiers
source 1..20

mol_type = other DNA

organism = synthetic construct
SEQUENCE: 11
ctagtggcca ttggcagatt

SEQ ID NO: 12 moltype = DNA length = 20
FEATURE Location/Qualifiers
source 1..20

mol_type = other DNA

organism = synthetic construct
SEQUENCE: 12
caatgttgtg tcgggagatg

SEQ ID NO: 13 moltype = DNA length = 20
FEATURE Location/Qualifiers
source 1..20

mol_type = other DNA

organism = synthetic construct
SEQUENCE: 13
atgctaccca aataaccagce

SEQ ID NO: 14 moltype = DNA length = 21
FEATURE Location/Qualifiers
source 1..21

mol_type = other DNA

organism = synthetic construct
SEQUENCE: 14
caggaatcca tatccccaaa ¢

SEQ ID NO: 15 moltype = DNA 1length = 20
FEATURE Location/Qualifiers
source 1..20

mol_type = other DNA

organism = synthetic construct
SEQUENCE: 15
tggettatcet gggetttgtg

SEQ ID NO: 16 moltype = DNA length = 20
FEATURE Location/Qualifiers
source 1..20

mol_type = other DNA

organism = synthetic construct
SEQUENCE: 16
cacactggct ctgatggcta

SEQ ID NO: 17 moltype = DNA 1length = 20
FEATURE Location/Qualifiers
source 1..20

mol type = other DNA

organism = synthetic construct
SEQUENCE: 17
tgtctccaag tctgcagtgg

SEQ ID NO: 18 moltype = DNA 1length = 20
FEATURE Location/Qualifiers
source 1..20

mol_type = other DNA

organism = synthetic construct

SEQUENCE: 18
ggaatcatgt ggtccaggtce

SEQ ID NO: 19 moltype = DNA length = 21
FEATURE Location/Qualifiers
source 1..21

mol_type = other DNA

organism = synthetic construct

SEQUENCE: 19

18

20

20

20

21

20

20

20

20
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ttccegetta tcaaggagac ¢

SEQ ID NO: 20
FEATURE
source

SEQUENCE: 20
actgctaatt ccaggcacag c¢

SEQ ID NO: 21
FEATURE
source

SEQUENCE: 21
cagttaacca acatcttagc

SEQ ID NO: 22
FEATURE
source

SEQUENCE: 22
aagctcatgg atgttagag

SEQ ID NO: 23
FEATURE
source

SEQUENCE: 23
ggatagagtt cctgctgact t

SEQ ID NO: 24
FEATURE
source

SEQUENCE: 24
tgaggagctg tcaccttaga

SEQ ID NO: 25
FEATURE
source

SEQUENCE: 25
gggtctcgat tggatggeca

SEQ ID NO: 26
FEATURE
source

SEQUENCE: 26
agggcagaat catcacgaag t

SEQ ID NO: 27
FEATURE
source

SEQUENCE: 27
ccgecgectt tttgggtag

SEQ ID NO: 28
FEATURE
source

SEQUENCE: 28

gagtcaggga ccttcageag

SEQ ID NO: 29
FEATURE

moltype = DNA length = 21
Location/Qualifiers

1..21

mol_type = other DNA

organism = synthetic construct

moltype = DNA length = 20
Location/Qualifiers

1..20

mol_type = other DNA

organism = synthetic construct

moltype = DNA length = 19
Location/Qualifiers

1..19

mol_type = other DNA

organism = synthetic construct

moltype = DNA 1length = 23
Location/Qualifiers

1..23

mol_type = other DNA

organism = synthetic construct

ac

moltype = DNA 1length = 20
Location/Qualifiers

1..20

mol_type = other DNA

organism = synthetic construct

moltype = DNA 1length = 19
Location/Qualifiers

1..19

mol_type = other DNA

organism = synthetic construct

moltype = DNA 1length = 21
Location/Qualifiers

1..21

mol_type = other DNA

organism = synthetic construct

moltype = DNA length = 19
Location/Qualifiers

1..19
mol type = other DNA
organism = synthetic construct

moltype = DNA length = 20
Location/Qualifiers

1..20

mol_type = other DNA

organism = synthetic construct

moltype = DNA 1length = 19
Location/Qualifiers

21

21

20

19

23

20

19

21

19

20
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source

SEQUENCE: 29
cgcectatggg aaggtgtte

SEQ ID NO: 30
FEATURE
source

SEQUENCE: 30
ttggggtgct cgaaggtct

SEQ ID NO: 31

FEATURE
source

SEQUENCE: 31

acctggagac tctcagggtc g

SEQ ID NO: 32
FEATURE
source

SEQUENCE: 32

1..19
mol_type = other DNA
organism = synthetic construct

moltype = DNA length = 19
Location/Qualifiers

1..19

mol_type = other DNA

organism = synthetic construct

moltype = DNA length = 21
Location/Qualifiers

1..21

mol_type = other DNA

organism = synthetic construct

moltype = DNA length = 24
Location/Qualifiers

1..24

mol_type = other DNA

organism = synthetic construct

ttagggcttc ctcttggaga agat

SEQ ID NO: 33
FEATURE
source

SEQUENCE: 33
ctgtgaatcc tgtgetcetge

SEQ ID NO: 34
FEATURE
source

SEQUENCE: 34
aatgaatgcc agtggtcaca

SEQ ID NO: 35
FEATURE
source

SEQUENCE: 35
ccataaggtg ttgtgccacg

SEQ ID NO: 36
FEATURE
source

SEQUENCE: 36
catccatcgg gtcaatgett
SEQ ID NO: 37

FEATURE
source

SEQUENCE: 37

cgaaccacgg cactgatttt c¢

SEQ ID NO: 38
FEATURE
source

SEQUENCE: 38

moltype = DNA 1length = 20
Location/Qualifiers

1..20

mol_type = other DNA

organism = synthetic construct

moltype = DNA 1length = 20
Location/Qualifiers

1..20

mol_type = other DNA

organism = synthetic construct

moltype = DNA length = 20
Location/Qualifiers

1..20

mol_type = other DNA

organism = synthetic construct

moltype = DNA 1length = 20
Location/Qualifiers

1..20

mol type = other DNA

organism = synthetic construct

moltype = DNA length = 21
Location/Qualifiers

1..21
mol_type = other DNA
organism = synthetic construct

moltype = DNA length = 21
Location/Qualifiers

1..21
mol_type = other DNA
organism = synthetic construct

19

19

21

24

20

20

20

20

21
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tttcttgetg ccagtctgga ¢ 21
SEQ ID NO: 39 moltype = DNA length = 18
FEATURE Location/Qualifiers
source 1..18
mol_type = other DNA
organism = synthetic construct
SEQUENCE: 39
aagtccctge tcgaccac 18
SEQ ID NO: 40 moltype = DNA length = 18
FEATURE Location/Qualifiers
source 1..18
mol_type = other DNA
organism = synthetic construct
SEQUENCE: 40
ctgggaatcc agctgcetg 18
SEQ ID NO: 41 moltype = DNA length = 20
FEATURE Location/Qualifiers
source 1..20
mol_type = other DNA
organism = synthetic construct
SEQUENCE: 41
ctcgecttca gtgaggatgt 20
SEQ ID NO: 42 moltype = DNA 1length = 20
FEATURE Location/Qualifiers
source 1..20
mol_type = other DNA
organism = synthetic construct
SEQUENCE: 42
gctttgegtt gtgetttett 20
SEQ ID NO: 43 moltype = DNA 1length = 20
FEATURE Location/Qualifiers
source 1..20
mol_type = other DNA
organism = synthetic construct
SEQUENCE: 43
tcagagctcc accatgactg 20
SEQ ID NO: 44 moltype = DNA 1length = 20
FEATURE Location/Qualifiers
source 1..20
mol_type = other DNA
organism = synthetic construct
SEQUENCE: 44
tgtgaacgtg aggatgggta 20
SEQ ID NO: 45 moltype = DNA 1length = 21
FEATURE Location/Qualifiers
source 1..21
mol_type = other DNA
organism = synthetic construct
SEQUENCE: 45
gtagcaggtg attccctgaa ¢ 21
SEQ ID NO: 46 moltype = DNA length = 21
FEATURE Location/Qualifiers
source 1..21
mol type = other DNA
organism = synthetic construct
SEQUENCE: 46
gtgatgacca caaccacgga ¢ 21
SEQ ID NO: 47 moltype = DNA length = 21
FEATURE Location/Qualifiers
source 1..21
mol_type = other DNA
organism = synthetic construct
SEQUENCE: 47
ttgcaggagt cattgctgcet a 21

SEQ ID NO: 48 moltype = DNA 1length = 22
FEATURE Location/Qualifiers
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source 1..22
mol_type = other DNA
organism = synthetic construct

SEQUENCE: 48
tggagttctg cacaccattg at
SEQ ID NO: 49

moltype = DNA length = 22

FEATURE Location/Qualifiers
source 1..22
mol_type = other DNA
organism = synthetic construct

SEQUENCE: 49
gactctagce cttggtgtta tg
SEQ ID NO: 50

moltype = DNA length = 20

FEATURE Location/Qualifiers
source 1..20
mol_type = other DNA
organism = synthetic construct

SEQUENCE: 50
cttcegtcagg gttccagttt
SEQ ID NO: 51

moltype = DNA length = 19

FEATURE Location/Qualifiers
source 1..19
mol_type = other DNA
organism = synthetic construct

SEQUENCE: 51
cattaagggc gtggggcgg

SEQ ID NO: 52
FEATURE

moltype = DNA 1length = 20
Location/Qualifiers

source 1..20
mol_type = other DNA
organism = synthetic construct

SEQUENCE: 52
gtegtgggtt ctgcatgatg

22

22

20

19

20

What is claimed is:

1. A method for treating manganese (Mn) toxicity in a
subject, the method comprising administering to the subject
an effective amount of a hypoxia inducible factor (HIF)
prolyl hydroxylase inhibitor or a pharmaceutically accept-
able salt or solvate thereof.

2. The method of claim 1, wherein the HIF prolyl
hydroxylase inhibitor is daprodustat, desidustat, enarodu-
stat, molidustat, roxadustat, vadadustat, or any combinations
thereof.

3. The method of claim 1, wherein the HIF prolyl
hydroxylase inhibitor is molidustat, roxadustat, vadadustat,
or any combinations thereof.

4. The method of claim 1, wherein the HIF prolyl
hydroxylase inhibitor is roxadustat.

5. The method of claim 1, wherein the subject has
manganese-induced parkinsonism or is at a risk of develop-
ing manganese-induced parkinsonism, or cirrhosis.

6. The method of claim 1, wherein the subject has an

increased blood manganese concentration when compared
to a standard.

7. The method of claim 1, wherein the subject has a blood
manganese concentration greater than 7 pg/L.

8. The method of claim 1, wherein the subject has an
increased bone manganese concentration when compared to
a standard.

9. The method of claim 1, wherein the subject has
manganese deposition in liver and/or brain.

10. The method of claim 1, wherein manganese concen-
tration in basal ganglia of the subject is higher, compared to
manganese concentration in other areas of the brain of the
subject.

11. The method of claim 1, wherein the subject has
neuronal degeneration at the basal ganglia, or is at a risk of
developing neuronal degeneration at the basal ganglia.

12. The method of claim 1, wherein the subject has
homozygous loss of function mutations in the SLC30A10
gene and/or the SLC39A14 gene.

13. The method of claim 1, wherein the subject has single
nucleotide polymorphism in the SLC30A10 gene.

14. The method of claim 1, wherein the subject has
SLC39A14 deficiency in the brain, liver, and/or intestine.

15. The method of claim 1, wherein the subject has
increased expression of SLC30A10 in the brain, liver, and/or
intestine.

16. The method of claim 1, wherein the HIF prolyl
hydroxylase inhibitor or a pharmaceutically acceptable salt
or solvate thereof is administered orally, intravenously,
parenterally, subcutaneously, or intramuscularly.

17. A method for treating manganese-induced parkinson-
ism in a subject, the method comprises administering to the
subject an effective amount of a hypoxia inducible factor
(HIF) prolyl hydroxylase inhibitor, or a pharmaceutically
acceptable salt or solvate thereof.

18. The method of claim 17, wherein the HIF prolyl
hydroxylase inhibitor is daprodustat, desidustat, enarodu-
stat, molidustat, roxadustat, vadadustat, or any combinations
thereof.
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19. A method for treating manganese-induced neurotox-
icity in a subject, the method comprises administering to the
subject an effective amount of a hypoxia inducible factor
(HIF) prolyl hydroxylase inhibitor, or a pharmaceutically
acceptable salt or solvate thereof.

20. The method of claim 19, wherein the HIF prolyl
hydroxylase inhibitor is daprodustat, desidustat, enarodu-
stat, molidustat, roxadustat, vadadustat, or any combinations
thereof.



