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Abstract

Clioquinol (5-chloro-7-indo-8-quinolinol), a chelator and ionophore of copper/zinc, was extensively used as an amebicide
to treat indigestion and diarrhea in the mid-1900s. However, it was withdrawn from the market in Japan because its use was
epidemiologically linked to an increase in the incidence of subacute myelo-optic neuropathy (SMON). SMON is characterized
by the subacute onset of sensory and motor disturbances in the lower extremities with occasional visual impairments, which
are preceded by abdominal symptoms. Although pathological studies demonstrated axonopathy of the spinal cord and optic
nerves, the underlying mechanisms of clioquinol toxicity have not been elucidated in detail. In the present study, a reporter
assay revealed that clioquinol (20-50 uM) activated metal response element-dependent transcription in human neuroblas-
toma SH-SYS5Y cells. Clioquinol significantly increased the cellular level of zinc within 1 h, suggesting zinc influx due to its
ionophore effects. On the other hand, clioquinol (20-50 uM) significantly increased the cellular level of copper within 24 h.
Clioquinol (50 uM) induced the oxidation of the copper chaperone antioxidant 1 (ATOX1), suggesting its inactivation and
inhibition of copper transport. The secretion of dopamine-f-hydroxylase (DBH) and lysyl oxidase, both of which are copper-
dependent enzymes, was altered by clioquinol (20-50 uM). Noradrenaline levels were reduced by clioquinol (20-50 pM).
Disruption of the ATOX1 gene suppressed the secretion of DBH. This study suggested that the disturbance of cellular copper
transport by the inactivation of ATOX1 is one of the mechanisms involved in clioquinol-induced neurotoxicity in SMON.
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Introduction

Clioquinol (5-chloro-7-indo-8-quinolinol) was used exten-
sively as an amebicide to treat indigestion and diarrhea in
the mid-1900s. However, it was withdrawn from the market
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To clarify the molecular mechanisms underlying clioqui-
nol-induced neurotoxicity, we previously performed a global
analysis of human neuroblastoma cells using DNA chips
(GEO database accession code: GSE32173) and demon-
strated that clioquinol induced DNA double-strand breaks,
leading to the activation of ATM and downstream p53 sign-
aling (Katsuyama et al. 2012). This pathway may, at least
in part, function in clioquinol-induced neurotoxicity. We
also found that clioquinol induced the expression of VGF,
the precursor of neuropeptides involved in pain reactions,
by inducing c-Fos, one of the activator protein-1 transcrip-
tion factors (Katsuyama et al. 2014). The induction of VGF
suggests its involvement in clioquinol-induced mechanical
hyperalgesia and cold allodynia (Andersson et al. 2009).
We also reported that clioquinol induced the expression of
interleukin-8 (IL-8), a key chemokine responsible for the
activation and recruitment of neutrophils to sites of inflam-
mation, by down-regulating GATA-2 and GATA-3 (Katsuy-
ama et al. 2018). The induction of IL-8 expression suggests
its involvement not only in the initial symptoms of SMON,
such as abdominal pain and/or diarrhea, but also in subse-
quent dysesthesia or optic neuritis.

Clioquinol has been used as a therapeutic agent for
acrodermatitis enteropathica, a disorder of dietary zinc
absorption caused by mutations in the gene encoding ZIP4
(SLC39A4), a zinc importer (Kury et al. 2002; Sturtevant
1980). The therapeutic effects of clioquinol are attribut-
able to its characteristics as a zinc ionophore because it was
previously demonstrated to alter the effects of zinc supple-
mentation in a mouse model of acrodermatitis enteropath-
ica (Geiser et al. 2013). On the other hand, some cases of
neuropathy are caused by high zinc levels and copper defi-
ciency. Myelo-optic neuropathy related to acquired copper
deficiency was previously reported in a patient who under-
went partial gastrectomy (Spinazzi et al. 2007). The use of
denture cream containing excess zinc also resulted in copper
deficiency and myelopolyneuropathy (Hedera et al. 2003,
2009; Nations et al. 2008). Furthermore, several common
features were identified among clinical symptoms and neu-
roanatomical focal distributions between SMON and myelo-
neuropathy caused by copper deficiency (Kimura et al.
2011). This suggests that SMON is a neuropathy caused by
copper deficiency due to excessive zinc intake.

According to the global analysis, clioquinol markedly
increased the expression levels of several metallothioneins,
suggesting the influx of metal ions. As clioquinol func-
tions as a chelator of copper/zinc and their ionophores, we
focused on the alteration of copper/zinc homeostasis in cells
by clioquinol. We demonstrated that clioquinol induced the
oxidation of the copper chaperone antioxidant 1 (ATOX1),
altered the secretion of dopamine-f-hydroxylase (DBH), a
copper-dependent ectoenzyme involved in the biosynthesis
of noradrenaline (NA), and reduced the cellular NA level.
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Materials and methods
Materials

Clioquinol was purchased from Merck (Darmstadt, Ger-
many). Antibodies against ATOX1 [EPR10352] and lysyl
oxidase (LOX) [EPR4025] were purchased from Abcam
(Cambridge, UK). The antibody against DBH was purchased
from Cell Signaling Technology (Danvers, MA). The anti-
body against B-actin (6D1) was obtained from Medical and
Biological Laboratories (Nagoya, Japan).

Cell culture

Human neuroblastoma SH-SYSY cells, which are frequently
used as an in vitro model to examine neurotoxicity (Cheung
et al. 2009; Xie et al. 2010), were purchased from the Euro-
pean Collection of Cell Cultures and cultured in Ham’s
F12: Eagle’s medium with Earle’s salts (1:1) supplemented
with non-essential amino acids and 15% fetal bovine serum
(FBS). Unless otherwise noted, these undifferentiated cells
were used for analyses. For differentiation to a noradrener-
gic phenotype, cells were cultured for 3 days in Neurobasal
medium (Thermo Fisher Scientific, Waltham, MA) contain-
ing B-27 supplement minus antioxidant (Thermo Fisher Sci-
entific) and 1 mM dibutyryl cyclic AMP (dbcAMP) (FUJI-
FILM Wako Pure Chemical, Osaka, Japan) as described
previously (Kume et al. 2008). Clioquinol dissolved in
DMSO was added to the culture medium at 1/1000 v/v. As
a control, DMSO was added at 1/1000 v/v.

Measurement of metal response element
(MRE)-dependent transcriptional activity
by luciferase assay

SH-SYS5Y cells were seeded on 24-well plates at
1% 103 cells/well and grown for 24 h. The firefly luciferase
vector pGL4.40[luc2P/MRE/Hygro] or pGL4.27[luc2P/
minP/Hygro] (0.5 pg/well; Promega, Madison, WI) and
Renilla luciferase vector pGL4.74[hRluc/TK] (0.05 pg/well;
Promega) were co-transfected with TransIT-LT1 Reagent
(Mirus Bio, Madison, WI). These cells were cultured for
24 h and then stimulated with clioquinol for 3 h. Firefly
luciferase activity in cell lysates was assessed and normal-
ized to Renilla luciferase activity.

Measurement of intracellular copper and zinc levels

Cells cultured in 6-well plates were washed twice with
phosphate-buffered saline (PBS) and lysed in buffer (50 ul)
containing 1% Triton, 0.5% sodium deoxycholate, 0.008%
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sodium dodecyl sulfate (SDS), 10 mM TrisHCI (pH 6.8),
and 150 mM NacCl. The lysate was centrifuged and the pro-
tein concentration of the supernatant was measured. After
the addition of 6 N HCI (0.5 pl) to liberate metal ions che-
lated by proteins, copper (Cu** and Cu*) and zinc (Zn*")
levels were measured using the Metallo Assay LS kit (Metal-
logenics, Chiba, Japan).

Monitoring of the redox status of ATOX1

The redox status of ATOX1 was monitored using -Sulfo-
Biotics- Protein Redox State Monitoring Kit Plus (Dojindo
Molecular Technologies, Kumamoto, Japan). Cells were
washed twice with PBS and lysed in buffer containing 1%
Triton, 0.5% sodium deoxycholate, 10 mM TrisHCI (pH
6.8), 150 mM NaCl, 1 mM EDTA, protease inhibitor cock-
tail (Nacalai Tesque, Kyoto, Japan), 1 mM NaF, and 1 mM
Na;VO,. The lysate was centrifuged and the supernatant was
used as whole cell lysate. Aliquots containing equal amounts
of protein (2 pug) were labeled with DNA-maleimide accord-
ing to the manufacturer’s instructions and then separated on
15% SDS—polyacrylamide gels with a molecular size marker
(Precision Plus Dual Standard, Bio-Rad, Tokyo, Japan). To
detect total ATOX1, the whole cell lysate (2 pug) was applied
to the same gels. Gels were irradiated with UV to remove
DNA before their transfer onto polyvinylidene difluoride
membranes (Merck). Western blotting was performed as
described previously (Katsuyama et al. 2018).

Quantitative PCR

Quantitative PCR was performed as described previously
(Katsuyama et al. 2012). Cells were seeded on 6-well plates
(5% 10° cells/well), cultured for 24 h, and then stimulated
with clioquinol. Gene expression was quantified using stand-
ard curves that were generated using serially diluted plasmid
reference samples and normalized to the expression level
of hypoxanthine phosphoribosyltransferase (HPRT). The
specificities of PCR products were confirmed by gel elec-
trophoresis and dissociation curve analysis. The sequences
of the primers used to detect DBH and LOX were as fol-
lows: 5'"“TACTGCACGGACAAGTGCACCCAG-3' (DBH
sense), 5'-GTTGTACGTGCAGGAGGTGATGAG-3' (DBH
antisense), 5'-ACTATGGCTACCACAGGCGATT-3' (LOX
sense), and 5'-AGCTGGGGTTTACACTGACCTT-3' (LOX
antisense). The sequences of the primers used to detect
HPRT were described previously (Katsuyama et al. 2018).

Detection of DBH and LOX secreted into culture
media

Cells were cultured in 6-cm dishes in the presence or absence
of clioquinol for 24 h. After washing with PBS, cells were

cultured for 8 h with serum-free medium containing the same
concentration of clioquinol. Media were collected and cell
debris was removed by centrifugation. Concentration and
desalting were performed using a centrifugal filter (Amicon
Ultra-4, 10 kDa cut-off, Merck). Whole cell lysates were pre-
pared as described above after the removal of media and wash-
ing with PBS. Western blotting was performed as described
previously (Katsuyama et al. 2018).

Measurement of the NA level

Cells were cultured in 6-cm dishes in the presence or absence
of clioquinol for 24 h. After washing with PBS, cells were
harvested and sonicated in a solution containing 0.01 N HCI,
I mM EDTA, and 4 mM Na,S,0s. After centrifugation,
supernatants were used as NA extracts and subjected to pro-
tein concentration measurement. The intracellular level of NA
was measured using the Noradrenaline Research ELISA kit
according to the manufacturer’s protocol (ImmuSmol, Bor-
deaux, France).

Genome editing of ATOX1

Genome editing of ATOX1 was performed by transfecting the
nickase expression vector AIO-puro (Addgene, Cambridge,
MA). Guide RNA (gRNA) sequences against the human
ATOX1 gene were designed by CRISPRdirect (https://crisp
r.dbcls.jp). The sense sequences of gRNA were 5'-AGCUUC
AGCACAGCCUCCAC-3" and 5'-UCUCGGGUCCUCAAU
AAGCU-3'. Oligonucleotides corresponding to the gRNA
sequence were inserted into AIO-puro and the vector was
transfected into SH-SYSY cells by electroporation using the
4D-Nucleofector System (Lonza, Basel, Switzerland). Stable
transfectants were selected by single-cell cloning in the pres-
ence of puromycin (5 ug/ml). Regarding mock transfection, the
AIO-puro vector was transfected and selected with puromycin.
The disruption of ATOX1 was confirmed by Western blotting.

Statistical analysis

Values were expressed as the mean + SE. After testing the
homogeneity of variance, statistical analyses were performed
using the Student’s #-test. One-way ANOVA followed by
Bonferroni’s t-test was applied to multiple treatment groups.
P values less than 0.05 were considered to be significant.
Results

Clioquinol induced zinc influx

Clioquinol is conventionally recognized as a copper/zinc
chelator (Cherny et al. 2001; Choi et al. 2006). However, it
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also functions as a copper/zinc ionophore that brings these
metal ions into cells (Andersson et al. 2009; Ding et al.
2005). To clarify whether clioquinol affects intracellular
coppetr/zinc levels, we focused on the expression of genes
that may be affected by these metal ions. In the global anal-
ysis of human neuroblastoma SH-SY5Y cells using DNA
chips, stimulation with 50 uM clioquinol for 24 h mark-
edly increased the expression of metallothioneins (MT), a
family of metal-binding proteins (GEO database accession
code: GSE32173) (Katsuyama et al. 2012). Among 4 MT
isoforms, 7 subclasses of MT-1 and MT-2A were strongly
up-regulated by clioquinol. It also induced the up-regula-
tion of SLC30A1 (zinc exporter ZnT1), suggesting that it
activated metal regulatory transcription factor 1 (MTF1)-
dependent transcription (Grzywacz et al. 2015; Langmade
et al. 2000). As shown in Fig. 1a, stimulation with clioquinol
for 3 h significantly activated MRE-dependent transcription
at concentrations of 20 uM and higher, demonstrating that
clioquinol increased the intracellular metal concentration.

We then examined clioquinol-induced changes in intra-
cellular copper/zinc levels. As shown in Fig. 1b, stimula-
tion with 50 uM clioquinol for 1 h significantly increased
the intracellular zinc level. On the other hand, clioquinol
alone did not increase the intracellular level of copper, but
induced marked increases in the presence of 50 uM CuCl,
(Fig. 1c). This suggests that the clioquinol-induced activa-
tion of MRE-dependent transcription is mediated by zinc
influx.

Clioquinol induced the intracellular accumulation
of copper

To investigate whether clioquinol affects copper metabolism,
clioquinol-induced changes in the intracellular level of cop-
per were examined up to 24 h. As shown in Fig. 2a, 50 uM
clioquinol induced a significant increase in the intracellular
level of copper within 24 h. This increase was observed at
concentrations of 20 uM and higher (Fig. 2b). In contrast to
the influx of zinc within 1 h, the increase in the copper level
within 24 h suggested that clioquinol causes the accumula-
tion of copper rather than its influx.

Clioquinol induced the oxidation of ATOX1

ATOX1 is a copper chaperone that transfers cytosolic cop-
per to ATP7A and ATP7B, which are copper-transporting
ATPases localized in the membranes of the trans-Golgi
network (TGN) and vesicles, respectively (Schmidt et al.
2018). It was originally identified in yeast and named after
its characteristic of protecting superoxide dismutase (SOD)-
deficient yeast from oxidative damage (Lin and Culotta
1995). ATOX1 was also demonstrated to promote neuronal
survival (Kelner et al. 2000) and copper flow regulated by
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Fig. 1 Clioquinol increased the intracellular level of zinc within 1 h. a Clio-
quinol induced metal response element (MRE)-dependent transcriptional
activation. The firefly luciferase vector pGL4.40 (MRE) or pGL4.27 (minP)
and Renilla luciferase vector pGL4.74 were co-transfected into SH-SYSY
cells. Cells were cultured for 24 h and then stimulated with the indicated con-
centration of clioquinol for 3 h. Firefly luciferase activity in cell lysates was
assessed and normalized to that of Renilla luciferase activity. Bars represent
the means + SE of 3 experiments. *p <0.05, **p <0.01 vs. 0 uM. b Clioquinol
increased the intracellular level of zinc. SH-SY5Y cells were stimulated with
50 uM clioquinol for 1 h, and the intracellular level of zinc was measured as
described in “Materials and methods” section. Bars represent the means +SE
of four individual wells. **p <0.01 vs. DMSO. ¢ Clioquinol did not increase
the intracellular level of copper in the absence of an excess amount of extracel-
lular copper. SH-SY5Y cells were stimulated with 50 uM clioquinol for 1 h in
the presence or absence of 50 uM CuCl,, and the intracellular level of copper
was measured as described in “Materials and methods” section. Bars represent
the means + SE of four individual wells. **p <0.01 vs. DMSO
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Fig.2 Clioquinol increased the intracellular level of copper within
24 h. a Time course of clioquinol-induced increases in the intracel-
lular level of copper. Cells were grown in the presence of 50 uM clio-
quinol for the indicated time. Bars represent the means + SE of four
individual wells. *¥*p <0.01 vs. 0 h. b Dose-dependent increases in
the intracellular level of copper. Cells were grown in the presence of
the indicated concentrations of clioquinol for 24 h. Bars represent the
means + SE of four individual wells. **p <0.01 vs. 0 uM

its redox status is associated with neuronal differentiation
(Hatori et al. 2016). The oxidation of ATOX1 at the metal-
binding motif was suggested to disturb its copper-delivering
function. As clioquinol induces oxidative stress (Kawamura
et al. 2014), we examined whether it affected the redox status
of ATOX1. Three cysteine residues are present in human
ATOX1 (MW =7.4 kDa), two of which are within the metal-
binding motif (MXCXXC). All three cysteine residues exist
as free thiols in the reduced form, whereas a disulfide bond
is formed within the metal-binding motif in the oxidized
form. By labeling free thiols with DNA-maleimide, clio-
quinol-induced changes in the redox status of ATOX1 were
monitored. ATOX1 was detected as a band of approximately
7 kDa using conventional Western blotting. Clioquinol did
not affect the protein levels of total ATOX1 (Fig. 3a, left four

lanes). Labeling with DNA maleimide yielded two bands at
approximately 17 and 45 kDa, corresponding to the oxidized
form (labeled at one thiol) and reduced form (labeled at 3
thiols), respectively. The band for the reduced form disap-
peared following stimulation of the cells with 50 uM clioqui-
nol for 24 h (Fig. 3a). The time-course experiment revealed
that clioquinol induced the oxidation of ATOX1 within
4 h (Fig. 3b). This suggested that the clioquinol-induced
increases in the copper level were due to the oxidation of
ATOX1 and resulting impairment of copper transport.

Clioquinol inhibited the secretion of copper
ectoenzymes

Impairment of copper transport disturbs the activation and
secretion of copper-dependent ectoenzymes such as DBH
and LOX. Quantitative PCR revealed that DBH mRNA lev-
els were significantly increased by clioquinol at concentra-
tions of 20 uM and higher. On the other hand, LOX mRNA
levels were markedly increased by stimulation with 50 uM
clioquinol (Fig. 4a). As shown in Fig. 4b, DBH protein levels
slightly decreased in cell lysates treated with 50 uM clioqui-
nol. DBH was detected in whole cell lysates and media in the
absence of clioquinol, but not in media prepared from cells
stimulated with 50 uM clioquinol, suggesting that clioqui-
nol suppressed the secretion of DBH into media. LOX was
detected as a proenzyme at approximately 50 kDa in whole
cell lysates and as the mature form at 32 kDa in media in
the absence of clioquinol, as reported previously (Trackman
et al. 1992). Although clioquinol increased LOX proenzyme
levels in whole cell lysates, the mature form was not detected
in media, suggesting that clioquinol suppressed its secretion.
As shown in Fig. 4c, clioquinol suppressed the secretion of
DBH at concentrations of 20 uM and higher.

Clioquinol reduced the cellular NA level

DBH is the enzyme that converts dopamine to NA. To exam-
ine whether clioquinol inhibits the biosynthesis of NA, the
intracellular level of NA was measured by ELISA. As shown
in Fig. 4d, clioquinol reduced the cellular level of NA at
concentrations of 20 uM and higher in both undifferentiated
cells and dbcAMP-induced differentiated cells.

Genome editing of ATOX1 suppressed the secretion
of DBH

Genome editing of ATOX was performed to assess whether
the oxidation of and functional impairment of ATOX1 play a
role in the inhibition of DBH secretion. As shown in Fig. 5,
gene disruption of ATOX1 suppressed the secretion of DBH
into media, suggesting that the clioquinol-induced inhibition
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«Fig. 3 Clioquinol induced the oxidation of ATOX1. a Dose-depend-
ent decreases in reduced ATOX1. Cells were grown in the presence
of the indicated concentrations of clioquinol for 24 h. b Time course
of clioquinol-induced decreases in reduced ATOXI1. Cells were
grown in the presence of 50 uM clioquinol for the indicated time. The
whole cell lysate (2 pg) was labeled with DNA-maleimide and sepa-
rated on SDS—polyacrylamide gels. To detect total ATOX1, the whole
cell lysate (2 ug) was also applied to the same gels. Western blotting
was performed as described in “Materials and methods” section.
Reduced (ATOX1™%) and oxidized ATOX1 (ATOX1%) labeled with
DNA-maleimide are shown in the right panel of A. The experiment
was repeated 3 times and representative results are shown. Quantita-
tion results using ImageJ software are shown as a graph

of DBH secretion was due to the oxidation and functional
impairment of ATOX1.

Cytotoxic effects of clioquinol on differentiated
SH-SY5Y cells

We examined the cytotoxicity of clioquinol in dbcAMP-
induced differentiated SH-SYSY cells, a model of noradr-
energic neurons (Kume et al. 2008). When cells were stimu-
lated with 1 mM dbcAMP for 3 days, prominent neurite
elongation and branches were observed (Fig. 6a). As shown
in Fig. 6b, clioquinol exerted toxic effects at concentrations
of 20 uM and higher, suggesting that the susceptibility of
differentiated SH-SYS5Y cells to clioquinol is the same as
that of undifferentiated cells (Katsuyama et al. 2012).

Discussion

The main results of the present study were as follows: (1)
clioquinol activated MRE-dependent transcription; (2) clio-
quinol increased the total zinc level within 1 h; (3) clioquinol
increased the total copper level within 24 h; (4) clioquinol
induced the oxidation of the copper chaperone ATOX1; (5)
clioquinol disturbed the secretion of the copper-dependent
enzymes DBH and LOX; (6) clioquinol reduced the cel-
lular level of NA; and (7) disruption of the ATOXI gene
suppressed the secretion of DBH. Copper-induced oxida-
tive stress was previously reported to promote zinc-induced
neuronal cell death through activation of the stress-acti-
vated protein kinase/c-Jun amino-terminal kinase (SAPK/
JNK) and a subsequent increase in endoplasmic reticulum
(ER) stress (Tanaka et al. 2019). Our study suggested that
clioquinol activates these pathways to elicit neuronal cell
death. Indeed, our previous global analysis using DNA chips
demonstrated that clioquinol markedly increased the expres-
sion of CHOP mRNA, a marker of ER stress (GEO data-
base accession code: GSE32173) (Katsuyama et al. 2012).
Furthermore, disturbed maturation of copper-dependent
ectoenzymes by clioquinol may lead to neuronal dysfunc-
tion. Thus, our study suggests that the disturbance of cellular

copper transport by the inactivation of ATOX1 is one of the
mechanisms involved in clioquinol-induced neurotoxicity in
SMON (Fig. 7).

The toxicity of clioquinol was previously observed at con-
centrations of 20 uM and higher in SH-SYS5Y cells (Katsuy-
ama et al. 2012; Kawamura et al. 2014). In the present study,
clioquinol-induced MRE-dependent transcriptional activa-
tion and copper accumulation were also observed at concen-
trations of 20 uM and higher. As reported previously, SMON
patients were typically administered clioquinol at approxi-
mately 1.5 g/day (Egashira and Matsuyama 1982). In human
subjects, the single oral intake of 1.5 g of clioquinol resulted
in peak plasma concentrations of approximately 20 ug/ml
(65 uM) after 4 h, whereas multiple doses (3 X 0.5 g/day,
3 days) led to a plasma concentration of 30 pug/ml (98 uM)
(Jack and Riess 1973). Thus, the concentration of clioquinol
used in the present study was similar to the plasma level
in SMON patients; however, it currently remains unclear
whether affected neurons were exposed to this concentra-
tion of clioquinol. In a dog model, clioquinol accumulated
and remained in the lumbar cord and sciatic nerve at higher
levels than in the liver and kidney even at 9 weeks after with-
drawal (Matsuki et al. 1987). Thus, clioquinol may accumu-
late in neuronal tissues via unknown mechanisms.

Although it was withdrawn from the market, clioquinol
and its derivative PBT2 have potential as therapeutics for
Alzheimer’s disease due to their metal protein-attenuating
functions (Bareggi and Cornelli 2012; Faux et al. 2010; Lan-
nfelt et al. 2008; Ritchie et al. 2003). Furthermore, another
derivative, PBT434 (Finkelstein et al. 2017), is expected to
become an orphan drug for the treatment of multiple system
atrophy. Therefore, the present study in combination with
previous reports (Asakura et al. 2009; Benvenisti-Zarom
et al. 2005; Fukui et al. 2015; Kawamura et al. 2014) warn
against the clinical reuse of clioquinol and application of its
derivatives.

Although clioquinol is a copper/zinc ionophore, it
increased the intracellular level of zinc, but not copper,
alone (Fig. 1b, c). Free copper and zinc levels in culture
media were 1.50+0.13 uM and 13.02+0.27 puM, respec-
tively (N=4, data not shown). Thus, clioquinol-induced
zinc influx was due to the higher concentration of zinc in
media than that of copper. Serum copper and zinc levels in a
healthy adult range between 70 ~ 130 pg/dL (11 ~20 uM) and
80~ 130 pg/dL (12 ~20 uM), respectively. However, approx-
imately 95% of serum copper is bound to ceruloplasmin,
suggesting that free serum copper levels are one-tenth of
those of zinc. Thus, copper/zinc levels in our culture system
were similar to those in serum, suggesting that clioquinol
also functions as a zinc ionophore in the human body.

The mechanisms by which clioquinol induces the oxi-
dation of ATOX1 currently remain unclear. A previous
study reported that clioquinol induced oxidative stress by
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Fig.4 Clioquinol inhibited the A
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inhibiting SOD1, which may be due to the chelation of cop-
per and/or zinc from SOD1 by clioquinol (Kawamura et al.
2014). Furthermore, it currently remains unclear whether
the clioquinol-induced influx of zinc affects the activity of
ATOX1. Metallothioneins induced by zinc influx were sug-
gested to capture cytosolic copper and inhibit its binding to
ATOXI1. Zinc itself may also affect the activity of ATOX1.
In a previous study using recombinant proteins, Zn>* at con-
centrations lower than Cu™ mediated stable complex forma-
tion between ATOX1 and ATP7B by binding to cysteine
residues in the metal-binding motifs of these proteins (van
Dongen et al. 2006). The interaction between ATOX1 and
ATP7A mediated by Zn>" was ~ 200-fold stronger than that

@ Springer
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by Cu' (Badarau et al. 2013). Thus, clioquinol-induced
zinc influx may inhibit the copper-transporting activity of
ATOX1 by competing with copper.

In the present study, the secretion of DBH into media
was suppressed by the genome editing of ATOX1; however,
this inhibition was weaker than that by clioquinol. Glutare-
doxin-1 (Grx1) was previously reported to transfer copper to
ATP7B in the absence of ATOX1, suggesting an alternative
pathway in copper transport (Maghool et al. 2020). Clioqui-
nol may affect the redox status of metal-binding domain-
containing proteins, such as Grx1, ATP7A, and ATP7B, in
addition to ATOX1, thereby blocking copper transport to
copper-dependent enzymes.
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Fig.4 (continued)
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DBH is a key enzyme in the biosynthesis of NA, the
neurotransmitter released from sympathetic postganglionic
nerve fibers. DBH is targeted from the TGN to secretory
granules, and secreted constitutively or by neuronal activa-
tion. Copper transport by ATP7A on the TGN is essential for
functional maturation of DBH (Schmidt et al. 2018). Inhibi-
tion of the functional maturation of DBH and NA biosynthe-
sis by clioquinol may lead to disturbances in the autonomic
nervous system in SMON patients. Severe abdominal pain
was previously reported after the administration of clio-
quinol and preceded the neurological symptoms of SMON
(Meade 1975; Tateishi 2000). Clioquinol may elicit domi-
nant parasympathetic nerve activity and subsequent intesti-
nal hypercontraction. Descending noradrenergic projections

Clioquinol (M)

from the locus coeruleus in the pontine to the dorsal horn of
the spinal cord are known as the descending pain inhibitory
system (Hayashida and Obata 2019). Disturbances in NA
biosynthesis may affect the analgesic effects of the descend-
ing noradrenergic inhibitory system, leading to the charac-
teristic dysesthesia of SMON.

LOX catalyzes the cross-linking of collagen and elastin,
which form elastic fibers. LOX, synthesized as a 50-kDa
precursor, is secreted and processed to a C-terminal 32-kDa
mature enzyme and N-terminal 18-kDa propeptide without
enzymatic activity (Trackman et al. 1992). The clioquinol-
induced expression of LOX mRNA may be mediated by
hypoxia-inducible factor (HIF)-1a because the LOX gene is
a target of HIF-1a (Pez et al. 2011), which was reported to
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be stabilized by clioquinol through the inhibition of ubig-
uitination and asparagine hydroxylation (Choi et al. 2006).
Regarding neuronal expression, LOX expression was pre-
viously reported to be up-regulated in the spinal cord of
patients with amyotrophic lateral sclerosis (ALS) (Malaspina
et al. 2001) and a G93A SOD1 transgenic mouse model of
ALS (Li et al. 2004). A previous study reported that excess
LOX propeptide suppressed Purkinje cell dendritic arbori-
zation (Li et al. 2010). Thus, clioquinol-induced alterations
in the expression and secretion of LOX may affect essential
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neuronal functions. Further analyses are needed for a more
detailed understanding of the relationship between the clio-
quinol-induced accumulation of the LOX proenzyme and
clinical symptoms of SMON.

In conclusion, clioquinol-induced zinc influx, cop-
per accumulation, and ATOX1 oxidation may impair the
functional maturation of copper-dependent enzymes, such
as DBH, leading to the inhibition of NA biosynthesis.
This pathway may function, at least in part, in clioquinol-
induced neurotoxicity.
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Fig.6 Cytotoxic effects of
clioquinol on dbcAMP-induced
differentiated SH-SYSY cells.

a Morphological changes in
SH-SYS5Y cells induced by
dbcAMP. Undifferentiated cells
were cultured in Ham’s F12:
Eagle’s medium with Earle’s
salts (1:1) supplemented with
non-essential amino acids and
15% FBS. Differentiated cells
were cultured for 3 days in
Neurobasal medium contain-
ing B-27 supplement minus
antioxidant and 1 mM dbcAMP.
b Cytotoxic effects of clioquinol
on differentiated cells. SH-
SYS5Y cells were seeded at 4000
cells/well and grown in 96-well
plates for 24 h. Differentiation
was induced as described in
“Materials and methods” sec-
tion. Cell viability at 24 h after
clioquinol treatment was exam-
ined as described previously
(Katsuyama et al. 2012). Bars
represent the means + SE of six
individual wells. **p <0.01 vs.
0uM
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Fig.7 Proposed mechanisms
of clioquinol-induced neuro-
toxicity involving zinc influx
and copper accumulation. CQ,
clioquinol. TGN, trans-Golgi
network

maturation and secretion
of Cu-dependent ectoenzymes
(DBH, LOX, etc.)

NA synthesis and secretion
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