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1 | INTRODUCTION

Cu'(atsm) is a bis(thiosemicarbazone)copper' compound (Figure 1)
that was recently reported to show promising preliminary results in

Abbreviations: AD, Alzheimer's disease; ALS, amyotrophic lateral sclerosis; BCS,
bathocuproinedisulfonic acid; Cu'(atsm), diacetyl-bis(4-methyl-3-thiosemicarbazonato)
copper'; PD, Parkinson's disease; RTA, radical trapping antioxidant.
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Background and Purpose: Diacetyl-bis(4-methyl-3-thiosemicarbazonato)copper"
(Cu"(atsm)) ameliorates neurodegeneration and delays disease progression in mouse
models of amyotrophic lateral sclerosis (ALS) and Parkinson's disease (PD), yet the
mechanism of action remains uncertain. Promising results were recently reported for
separate Phase 1 studies in ALS patients and PD patients. Affected tissue in these
disorders shares features of elevated Fe, low glutathione and increased lipid peroxi-
dation consistent with ferroptosis, a novel form of regulated cell death. We therefore
evaluated the ability of Cu'(atsm) to inhibit ferroptosis.

Experimental Approach: Ferroptosis was induced in neuronal cell models by inhibi-
tion of glutathione peroxidase-4 activity with RSL3 or by blocking cystine uptake
with erastin. Cell viability and lipid peroxidation were assessed and the efficacy of
Cu'"(atsm) was compared to the known antiferroptotic compound liproxstatin-1.

Key Results: Cu''(atsm) protected against lipid peroxidation and ferroptotic lethality
in primary and immortalised neuronal cell models (ECsq: ~#130 nM, within an order of
magnitude of liproxstatin-1). Ni"(atsm) also prevented ferroptosis with similar
potency, whereas ionic Cu" did not. In cell-free systems, Cu'(atsm) and Ni'(atsm)
inhibited Fe"-induced lipid peroxidation, consistent with these compounds quenching
lipid radicals.

Conclusions and Implications: The antiferroptotic activity of Cu'(atsm) could there-
fore be the disease-modifying mechanism being tested in ALS and PD trials. With
potency in vitro approaching that of liproxstatin-1, Cu''(atsm) possesses favourable
properties such as oral bioavailability and entry into the brain that make it an attrac-

tive investigational product for clinical trials of ferroptosis-related diseases.

both a Phase 1 trial of patients with amyotrophic lateral sclerosis
(ALS; NCT02870634; Rowe et al., 2018) and a Phase 1 trial of
patients with Parkinson's disease (PD; NCT03204929; Evans, Rowe,
Lee, Noel, & Rosenfeld, 2019). In two Phase O clinical trials, Cu"(atsm)
crossed into the brain and concentrated in areas associated with dis-
ease activity (lkawa et al., 2011; lkawa et al., 2015). Furthermore, in
preclinical studies Cu'(atsm) ameliorated neurodegeneration in
mutant SOD1 transgenic mouse models of ALS (Hilton et al., 2017;
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McAllum et al., 2013; Roberts et al., 2014; Soon et al., 2011; Vieira
et al., 2017), transgenic and toxin-induced mouse models of PD (Hung
et al., 2012) and transient and permanent mouse models of ischaemic
stroke (Huuskonen et al., 2017).
neuroprotection of this molecule is uncertain. Proposed mechanisms

However, the mechanism of

of action have included controlled delivery of Cu ions (Hilton et al.,
2017; Roberts et al., 2014). However, the affinity of Cu" for the atsm
scaffold is extremely high (Donnelly et al., 2008) and would not be
released in physiological environments.

Recent work has implicated ferroptosis, a regulated cell death
pathway characterised by Fe-dependent lipid peroxidation in ALS,
PD, Alzheimer's disease (AD) and stroke (Guiney, Adlard, Bush,
Finkelstein, & Ayton, 2017; Masaldan, Bush, Devos, Rolland, &
Moreau, 2018; Stockwell et al., 2017). Iron levels are elevated in
affected brain regions in these neurological disorders (Ayton et al.,
2015; Ayton et al, 2017; Ding et al., 2011; Grolez et al., 2016;
Park et al, 2011; Pyatigorskaya et al., 2015; Raven, Lu, Tishler,
Heydari, & Bartzokis, 2013; Tao, Wang, Rogers, & Wang, 2014;
Tuo et al., 2017), as are lipid peroxidation products characteristic
of ferroptosis (Cherubini, Ruggiero, Polidori, & Mecocci, 2005; Choi
et al, 2015; Dexter et al., 1989; Jenner, Dexter, Sian, Schapira, &
Marsden, 1992; Mandal, Saharan, Tripathi, & Murari, 2015; Reed,
Pierce, Markesbery, & Butterfield, 2009; Sian et al., 1994; Simpson,
Henry, Henkel, Smith, & Appel, 2004; Tohgi et al., 1999; Yu et al,,
2016). The most potent known inhibitors of ferroptosis are the
radical trapping antioxidants (RTAs), liproxstatin-1 and ferrostatin-1
(Dixon et al., 2012; Friedmann Angeli et al., 2014), which inhibit
ferroptosis with nanomolar efficacy (Sheng et al., 2017; Zilka et al,,
2017). Ferrostatin-1 and liproxstatin-1 have been reported to res-
cue ischaemia reperfusion injury and stroke models (Friedmann
Angeli et al., 2014; Tuo et al., 2017) and PD (Do Van et al., 2016).
Edaravone, an RTA approved for the treatment of acute ischaemic
stroke and ALS, was recently reported to have antiferroptotic prop-
erties (Homma, Kobayashi, Sato, & Fujii, 2019).

Given the recent activity of Cu'(atsm) in its first ALS and PD clini-
cal trials, and that ferroptosis may play a role in neurodegenerative
disorders, we hypothesised that Cu''(atsm) has antiferroptosis proper-
ties. Utilising cellular and cell-free systems, we found that Cu'(atsm)
possesses significant antiferroptotic activity by acting as a lipid RTA

like ferrostatin-1 and liproxstatin-1.

~N

FIGURE 1 The chemical structures of M"(atsm) and
M'(atsm,) (where M = either Cu" or Ni"), Cu'(gtsm), ferrostatin-
1, and liproxstatin-1

N
H

What is already known

e Cu''(atsm) benefits neurodegenerative diseases and their
animal models through an uncertain mechanism of action.

e Ferroptosis is a form of regulated cell death implicated in

neurodegenerative diseases.

What this study adds

e Cu''(atsm) blocks ferroptotic neuronal death and lipid per-
oxidation in vitro by a radical trapping activity.

e The antiferroptotic potency of Cu'(atsm) approaches that
of liproxstatin-1, a potent antiferroptotic reference

compound.

What is the clinical significance

o Blocking ferroptosis may be the mechanism being tested
in current efficacy trials of Cu''(atsm).

e Clinical testing of similarly potent antiferroptotic agents

disease warrants  further

for neurodegenerative

consideration.

2 | METHODS

21 | Bis(thiosemicarbazone) synthesis

H,(atsm), Cu'(atsm) (Dearling, Lewis, Mullen, Welch, & Blower, 2002;
Gingras, Suprunchuk, & Bayley, 1962), Cu" (gtsm) (Beraldo, Boyd, &
West, 1998) and Cu'(atsm,) (Gingras et al., 1962; West et al., 1997)
were synthesised as reported previously. *H and *3C{*H} spectra were
recorded using a Varian FT-NMR 400 spectrometer (Agilent Technol-
ogies, Santa Clara, USA). All *H NMR spectra were acquired at
400 MHz, and **C{*H} spectra were acquired at 101 MHz. The
reported peaks were all referenced to solvent peaks in the order of
p.p.m. at 25°C. Microanalysis measurements were carried out by The
Campbell Microanalytical Laboratory in the Department of Chemistry,

University of Otago, Union Place, Dunedin, New Zealand. Analytical
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HPLC was performed on Agilent 1200 series HPLC system (Agilent
Technologies) fitted with an Alltech Hypersil BDS-C18 column
(4.6 x 150 nm, 5 pm). The mobile phase was a gradient consisting of
Solvent A (0.1% TFA in H,0O) and Solvent B (0.1% TFA in CH;CN)
from 0% to 100% B over 25 min and UV detection at A 220, 254,
275 and 350 nm. ESI-QTOF MS was collected on an Exactive Plus
Orbitrap Infusion mass spectrometer (Exactive Series, 2.8 Build
268801, ThermoFisher Scientific, Scoresby, Australia). Analysis was
performed using Xcalibur 4.0.27.10 (ThermoFisher Scientific, RRID:
SCR_014593).

Ni'(atsm) synthesis was adapted from a reported procedure
(McCleverty & Jones, 1970). To a suspension of diacetyl-bis(4-methyl-
3-thiosemicarbazone) (0.50 g, 1.9 mM) in ethanol (25 ml) was added
Ni(OCOCH3),-4H,0 (0.48 g, 1.9 mM). The reaction mixture was
heated at reflux for 5 hr and then allowed to cool to room tempera-
ture. The precipitate that formed was collected by filtration and
washed with ethanol, water, followed by diethyl ether, to give a dark
green powder (0.48 g, 1.5 mM, 79%). 'H NMR (400 MHz, DMSO-d,):
Sy/ppm 7.68 (br s, 2H, NH), 2.78 (d, J = 3.8 Hz, 6H, NH-CH3), 1.94 (s,
6H, CHs). C{*H} NMR (101 MHz, DMSO-de): 8c/ppm 176.08,
155.56, 32.15, 13.82. Analysis calculated for CgH14NgNiS,, C,
30.31; H, 4.45; N, 26.51; found: C, 30.49, H, 4.51, N, 26.85. MS
(ESI/O-TOF) (m/z): calculated for [CgH14NgNiS, + H]*, 317.0148;
found, 317.0148. RP-HPLC: R, = 10.20 min.

2.2 | Cell culture

The Immuno-related procedures used comply with the recommenda-
tions made by the British Journal of Pharmacology. Cell culture
reagents were purchased from ThermoFisher Scientific unless other-
wise specified, and all cells were cultured at 37°C with 5% CO,. N27
cells, derived from E12 rat mesencephalic tissue (Merck, Bayswater,
Australia), were cultured in RPMI 1640 media supplemented with
10% fetal calf serum (Bovogen, Keilor East, Australia), penicillin, and
streptomycin. Primary cortical neurons were isolated from E14
C57BL/6J mice (RRID:IMSR_JAX:000664) as previously described
(Xu et al., 2016). Primary cells were maintained in neurobasal media
supplemented with 2% B27, GlutaMAX, penicillin and streptomycin.
RSL3 could not induce ferroptosis in these cells in the presence of
B27, so after 3 days in vitro (DIV) the cells were transferred to RPMI
1640 media supplemented with 10% fetal calf serum, penicillin and
streptomycin, with cytosine arabinoside (2 pM) to minimise astrocyte
growth. Cells were used between DIV9 and DIV11. All cell-based
assays were conducted in RPMI 1640 media supplemented with 10%

fetal calf serum, penicillin and streptomycin.

2.3 | Cell viability

Cells in 96-well plates were treated with candidate antiferroptotic
compounds together with RSL3, erastin or Fe, for 24 hr as described
in figure legends. C11-BODIPY(581/591) was not present, and cell

viability was determined colourimetrically using MTT as previously
described (Xu et al., 2016). Absorbance was measured at 570 nm
using a PowerWave XS microplate spectrophotometer (BioTek Instru-
ments, Winooski, USA) and cell viability was expressed as a percent-

age of control cells.

24 | Lipid peroxidation and Fe" measurements
Lipid peroxidation was assessed with C11-BODIPY(581/591), a rati-
ometric fluorophore that responds to lipid peroxidation with an
increase in fluorescence emitted in the green range (excitation
484 nm; emission 530 nm) and a corresponding decrease in fluores-
cence emitted in the red range (excitation 581 nm; emission 600 nm;
Pap et al., 1999). Fluorescence was measured with a FlexStation
3 multimode microplate reader (Molecular Devices, San Jose, USA).
Lipid peroxidation was expressed as the ratio of green to red
C11-BODIPY(581/591) fluorescence.

Cells in 96-well plates were incubated with candidate anti-
ferroptotic compounds together with RSL3, erastin or Fe, as described
in figure legends. C11-BODIPY(581/591) (2.5 uM) was added immedi-
ately prior to the addition of the RSL3, erastin or Fe and was present
for the duration of the treatment (24 hr). Media was then replaced
with PBS for fluorescence measurements. Lipid peroxidation reported
by C11-BODIPY(581/591) was normalised to the maximum
C11-BODIPY(581/591) signal induced by RSL3, erastin or Fe, there-
fore adjusting for any potential antiferroptotic effect of the
C11-BODIPY(581/591) itself.

Cell-free lipid peroxidation was examined using arachidonic acid
in Locke's buffer (NaCl 154 mM; KCI 5.6 mM; HEPES 5 mM; glucose
5 mM; MgCl, 1 mM; CaCl, 2.3 mM; NaHCO;3; 3.6 mM; pH 7.4).
Arachidonic acid was incubated with candidate antiferroptotic com-
pounds together with Fe'' (NH,),Fe(SO4),-6H,0) or Fe ((NH.4)s(Fe
(C¢H405),)) as described in figure legends. C11-BODIPY(581/591)
(2.5 pM) was added immediately prior to the addition of the Fe and
present for the duration of the treatment (30 min).

Fe' levels were determined colourimetrically using Ferene-S as
previously described (Wong et al., 2014). Absorbance was measured
at 590 nm using a PowerWave XS microplate spectrophotometer. Fe'
levels were calculated using an extinction coefficient of 36.6 mM™*

Fe'em™.

2.5 | Dataand statistical analyses

The data and statistical analysis comply with the recommendations of
the British Journal of Pharmacology on experimental design and analy-
sis in pharmacology (Curtis et al., 2018). All quantitative data were
analysed using Prism 8.1 (GraphPad Software, San Diego, USA, RRID:
SCR_002798). As test compounds were coloured, the operator and
data analysis were not blinded and samples were not randomised.
Between two and four technical replicates were used to ensure the

reliability of single values within each independent experiment.
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FIGURE 2 Cu'(atsm) rescues ferroptosis and lipid peroxidation in cultured neurons. (a) Viability of cells treated with RSL3

(1 pM) # liproxstatin-1 or Cu'(atsm) for 24 hr. Data are means + SEM, n = 6 independent experiments. ECso was determined by non-linear
regression, with 95% Cl shown in parenthesis. (b) Lipid peroxidation measured by C11-BODIPY(581/591) in cells treated with RSL3

(0.2 pM) # liproxstatin-1 or Cu'"(atsm) (1 uM) for 24 hr. Data are means + SEM, n = 6 independent experiments. P values were calculated using the
Kruskal-Wallis test corrected for multiple comparisons by controlling the false discovery rate with the Benjamini, Krieger, and Yekutieli test.

*P < .05 compared to vehicle treated cells. (c-e) Viability of cells treated with RSL3 (0.1 pM, c), erastin (1 pM, d) or Fe' (1 mM, e) # liproxstatin-1
or Cu''(atsm) for 24 hr. Data are means + SEM, n = 5 independent experiments. ECso was determined by non-linear regression, with 95% ClI
shown in parenthesis. (f) Lipid peroxidation measured by C11-BODIPY(581/591) in cells treated with RSL3 (50 nM), erastin (0.5 uM), or Fe"

(0.5 mM) # liproxstatin-1 or Cu'(atsm) (1 uM) for 24 hr. Data are means + SEM, n = 5 independent experiments. P values were calculated using the
Kruskal-Wallis test corrected for multiple comparisons by controlling the false discovery rate with the Benjamini, Krieger, and Yekutieli test.

*P < .05 compared to vehicle treated cells
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Results are expressed as means + SEM from independent experiments.
Cell viability and lipid peroxidation data were normalised to control
samples to account for unwanted sources of variation between inde-
pendent experiments. Comparisons between groups utilised nonpara-
metric statistics and P values were calculated using either the Mann-
Whitney test or the Kruskal-Wallis test corrected for multiple com-
parisons by controlling the false discovery rate with the Benjamini,
Krieger and Yekutieli test, as described in the figure legends. The post
hoc tests were conducted only if F achieved P < .05 and there was no
significant variance inhomogeneity. P < .05 was deemed statistically
significant. Non-linear regression analysis with a variable slope model
was used to fit a four-parameter logistic curve to dose-response data
to calculate ECsq with 95% CI.

2.6 | Materials

Analytical reagents were purchased from Merck (Bayswater, Australia)
unless otherwise specified. Erastin, RSL3 (Jomar Bioscience, Scoresby,
C11-BODIPY(581/591)
(ThermoFisher Scientific), and bis(thiosemicarbazone) compounds
were dissolved in DMSO. 3-[4,5-Dimethylthiazol-2-yl]-2,5-diphenylte-
trazolium bromide (MTT) was dissolved in PBS. CuSQO4-5H,0,
(NH4)2Fe(SQ4)2-6H,0, (NH4)s(Fe(CsH405),), Ferene-S, and bathocu-
proinedisulfonic acid (BCS) were dissolved in highly purified water.

Australia), liproxstatin-1, clioquinol,

Arachidonic acid was dissolved in ethanol.

3 | RESULTS

The impact of Cu''(atsm) on ferroptosis was evaluated in primary and
immortalised neuronal models, with liproxstatin-1 used as an anti-
ferroptotic positive control (Figure 1). Primary cortical neurons were
cultured with cytosine arabinoside to suppress astrocyte growth, ren-
dering the culture predominantly neuronal (Figure S1). RSL3 was used
to induce lipid peroxidation and ferroptotic cell death. Dose-response
experiments revealed that Cu'(atsm) (ECs0:143 nM) could rescue
RSL3-induced death in primary neuronal cells with potency within an
order of magnitude of liproxstatin-1 (ECso: 32 nM; Figure 2a). Both
Cu'(atsm) and liproxstatin-1 abolished RSL3-induced lipid peroxida-
tion detected by C11-BODIPY(581/591) (Figure 2b), consistent with
antiferroptotic activity. Inhibition of ferroptosis was next evaluated in
immortalised neuronal cell lines, N27 (Figure 2c-f) and SN4741 (-
Figure S2), which, unlike primary neurons, were sensitive to fer-
roptosis induced by both RSL3 and erastin. Cu'(atsm) exhibited a
dose-dependent rescue of cell death (measured by MTT assay)
induced by RSL3 (Figure 2c) and erastin (Figure 2d) with ECsq values
that were within an order of magnitude of those for liproxstatin-1.
Similar results were obtained when cell viability was measured by
either PrestoBlue or LDH release (Figure S3). Fe'-induced cell death
was ~80% maximally rescued by Cu'(atsm) and liproxstatin-1
(Figure 2e), indicating that Fe" induces some nonferroptotic toxicity.
Both Cu'(atsm) and liproxstatin-1 suppressed lipid peroxidation in

N27 cells induced by RSL3, erastin or Fe (Figure 2f). Similar results

were seen when C11-BODIPY(581/591) was added after the RSL3
treatment and detected by flow cytometry (Figure S4). Cu''(atsm) and
liproxstatin-1 also prevented SN4741 cell death induced by RSL3 and
erastin with ECsq values that were also within an order of magnitude

of liproxstatin-1 (Figure S2).
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FIGURE 3 Cu does not prevent ferroptosis in N27 cells. (a-c)
Viability of cells treated with RSL3 (0.1 pM) or erastin (1 pM) + CuSO,
(a), Cu" (gtsm) (b), or clioquinol (c) for 24 hr. Data are means + SEM,

n = 5 independent experiments. (a, b) P values were calculated using
the Kruskal-Wallis test corrected for multiple comparisons by
controlling the false discovery rate with the Benjamini, Krieger, and
Yekutieli test. (c) P values were calculated using the Mann-Whitney
test. *P < .05 compared to vehicle
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We evaluated whether a simple Cu" salt could prevent ferroptosis
in N27 cells (Figure 3). Neither RSL3- nor erastin-induced cell death
were prevented by addition of CuSO,4 supplied at concentrations up
to 300 pM (Figure 3a). Cu" (gtsm) (Figure 3b) and clioquinol
(Figure 3c), two compounds that promote cellular Cu uptake (Adlard
et al., 2008; Crouch et al., 2009), were also unable to prevent fer-
roptosis. Cu'" (gtsm) is an analogous bis(thiosemicarbazone)Cu" com-

! reduction potential than Cu'(atsm) and is

plex that has a higher Cu
therefore more susceptible to intracellular reduction and release of

the Cu ion from the ligand (Donnelly et al., 2008). Treatment with
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2100 nM of Cu" (gtsm) resulted in significant reductions in cell viabil-
ity suggesting the antiferroptotic effects of Cu'(atsm) are unlikely to
be mediated by merely increasing intracellular Cu concentrations.

To probe the role of the Cu ion in the antiferroptotic activity of
Cu'(atsm) we investigated the activity of the analogous Ni'' complex,
Ni'(atsm), and the metal-free ligand Hy(atsm) (Figure 1). Ho(atsm) and
Ni'(atsm) both prevented ferroptosis in N27 cells (Figure 4a). It is
likely that the activity of Ha(atsm) is a consequence of the ligand for-
ming Cu'(atsm) by complexing Cu ions present in the cell media. BCS,
a selective copper chelator (Xiao et al., 2011), abolished the

(b) RSL3 (0.1 pM)
-= Cu'(atsm) ECso: 131 (85-201) nM

Ni'(atsm) EC5o: 178 (93-340) nM
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FIGURE 4 Ni'(atsm) prevents ferroptosis in N27 cells and lipid peroxidation induced by Fe". (a, b) Viability in cells treated with RSL3 (0.1 pM)
for 24 hr. (a) Cells treated with RSL3 + Cu'(atsm), Ni"(atsm) or Hp(atsm) (1 uM) for 24 hr in the presence or absence of the Cu chelator BCS

(100 uM). Data are means + SEM, n = 6 independent experiments. P values were calculated using the Kruskal-Wallis test corrected for multiple
comparisons by controlling the false discovery rate with the Benjamini, Krieger, and Yekutieli test. *P < .05 compared to vehicle with RSL3,

P < .05 compared to vehicle with RSL3 and BCS. (b) Cells treated with RSL3 + Cu'"(atsm) or Ni'(atsm) for 24 hr. Data are means = SEM,n=5
independent experiments. ECso was determined by non-linear regression, with 95% Cl shown in parenthesis. (c, d) Lipid peroxidation measured by
C11-BODIPY(581/591) in Locke's buffer with arachidonic acid (50 pM) treated with Fe' (2 uM) for 30 min. (c) Arachidonic acid treated with

Fe' + liproxstatin-1, Cu'(atsm), Ni'(atsm) or Ho(atsm) (1 pM) in the presence or absence of the Cu chelator BCS (12.5 pM). Data are means + SEM,
n = 6 independent experiments. P values were calculated using the Kruskal-Wallis test corrected for multiple comparisons by controlling the false
discovery rate with the Benjamini, Krieger and Yekutieli test. *P < .05 compared to vehicle with Fe, P < .05 compared to vehicle with Fe'' and
BCS. (d) Arachidonic acid treated with Fe' + liproxstatin-1, Cu'"(atsm), Ni'(atsm), or Hx(atsm). Data are means + SEM, n = 5 independent

experiments
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FIGURE 5 Cu'(atsm,) is impaired in preventing ferroptosis in N27 cells or lipid peroxidation induced by Fe'. (a, b) Viability in cells treated
with RSL3 (a, 0.1 uM) or erastin (b, 1 pM) Cu'(atsm) or Cu'(atsm,) for 24 hr. Data are means + SEM, n = 5 independent experiments. ECso was
determined by non-linear regression, with 95% Cl shown in parenthesis. Cu''(atsm,) ECso could not be determined as viability did not exceed
50%. (c) Lipid peroxidation measured by C11-BODIPY(581/591) in Locke's buffer using arachidonic acid (50 uM) treated with Fe"

(2 pM) = Cu'(atsm) or Cu''(atsm,) for 30 min. Data are means + SEM, n = 5 independent experiments



SOUTHON ET AL

BRITISH
B PHARMACOLOGICAL 663
SOCIETY

(@) ~ Fe'(10 pm)
-0- Vehicle
37_ —e— Liproxstatin-1
= 6
& - Cu'(atsm)
S« 5] Ceruloplasmin
o4
54 Ascorbate
(@]
m 3-
[}
o
£ 24
T
O 14
0 T T T T T 1
0 5 10 15 20 25 30
Time (min)
() =3 Fe'"1min = Fe'30 min
310
= 8
(]
L 6
S 4
= 2
[<}]
oo T T T
@ N N & @
R @ N\ Q\’b )
N &
(e)

Fe?" + LOOH — Fe’* + LO* + OH-
Fe’* + LOOH — Fe?* + LOO" + H'
LOO" + LH — LOOH + L’ (chain reaction)

(b) Fe" (10 pm)
=0~ Vehicle
7—.
_ —e— Liproxstatin-1
L6
S | = cu'(atsm)
S—S' Ceruloplasmin
o4
E4 Ascorbate
o
m 3
]
2+
°
(S P
0 T T T T T 1
0 5 10 15 20 25 30
Time (min)
(d) =3 Fe''1min =W Fe' 30 min
=10
= 8
L 6
S 4
L *
;.', 2
oo
\@ N D & <@
N N o & >
Aéo .‘9\0\"‘ Q\'& Q\‘bg (,O‘Q
S G R v
VW ®

FIGURE 6 Cu'(atsm) does not react with Fe'' or Fe'" to suppress lipid peroxidation. Arachidonic acid (10 uM) was treated with either Fe"
(10 uM, a, ¢) or Fe'' (10 uM, b, d) £ ceruloplasmin (200 pg-ml’l), ascorbate (1 mM), liproxstatin-1 (10 uM) or Cu'(atsm) (10 uM) in Locke's buffer
for 30 min. (a, b) Lipid peroxidation was measured by C11-BODIPY(581/591) every 90 sec. Data are means + SEM, n = 5 independent
experiments. Non-linear regression was conducted. (c, d) Fe' measured by Ferene-S after 1 min and 30 min. P values were calculated using the
Kruskal-Wallis test corrected for multiple comparisons by controlling the false discovery rate with the Benjamini, Krieger,and Yekutieli test.

*P < .05, compared to vehicle treated cells. (e) Redox cycling reactions of Fe species that can lead to the propagation of lipid peroxides and

radicals

antiferroptotic activity of Hy(atsm), consistent with the premise that
the activity of Hy(atsm) is due to the ligand coordinating to Cu" in the
culture media to form Cu''(atsm). Ni'(atsm) (ECso = 178 nM) prevented
RSL3-induced ferroptosis in N27 cells similarly to Cu'(atsm)
(ECs0 = 131 nM; Figure 4b). Analysis of cellular metal concentrations
by inductively coupled plasma MS indicated that Cu'(atsm) and
Ni"(atsm) increased Cu and Ni levels, respectively (Figure S5). As

expected, cellular Fe levels were not altered by addition of any atsm

compounds. Cellular levels of GPX4, a lipid peroxide scavenging per-
oxidase, were unaffected by treatment with either liproxstatin-1 or
Cu'(atsm) (Figure S6).

We hypothesised that Cu'(atsm) acts as a RTA to prevent the
propagation of lipid peroxyl radicals, as reported for liproxstatin-1
(Shah, Margison, & Pratt, 2017). Utilising a cell-free system, we
assayed the amount of lipid peroxidation with C11-BODIPY(581/591)
fluorescence after incubation of arachidonic acid with Fe' (2 uM). Like
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liproxstatin-1, Cu'(atsm) and Ni'(atsm) inhibited net lipid peroxidation
(Figure 4c,d), consistent with RTA activity. Hy(atsm) partially
prevented lipid peroxidation at the highest doses, indicating that the
ligand alone possesses some RTA properties. BCS did not change the
inhibition of cell-free lipid peroxidation (Figure 4c). Malondialdehyde
accumulation, another maker of lipid peroxidation, was also prevented
by liproxstatin-1, Cu"(atsm), and Ni'(atsm) (Figure S7). Whereas
liproxstatin-1, Cu'(atsm) and Ni'(atsm) prevented ferroptosis at
nanomolar concentrations (Figure 4b), micromolar concentrations
were required to prevent lipid peroxidation induced by Fe' in cell-free
conditions (Figure 4d). Cu'(atsm) also prevents Fe"-induced peroxida-
tion of cellular-derived lipids (Figure S8).

We next analysed which structural components of Cu'(atsm)
were responsible for its antiferroptotic and radical quenching proper-
ties. Liproxstatin-1 and ferrostatin-1 each contain an aromatic amine
that is involved in rapid H-atom transfer to autoxidation chain-
carrying lipid peroxy radicals (Figure 1) important for their radical
quenching activity (Skouta et al., 2014). Coordination of either Cu" or
Ni" to H(atsm) involves a double deprotonation of the ligand to form
a dianionic delocalised ligand. The —NH—CH5 functional groups pre-
sent in both Cu'"(atsm) and Ni'(atsm) are a potential H-atom donor to
give a delocalised stabilised radical analogous to the aromatic amines
present in liproxstatin-1 and ferrostatin-1 (Figure 1). To investigate
this possibility, an analogue where these —=NH—CHj3 functional groups
were replaced with a =N (CH3), functional group, Cu''(atsm,), was
evaluated (Figure 1). The ability of Cu'(atsm,) to rescue ferroptosis
induced by RSL3 or erastin in N27 cells was markedly attenuated
when compared to Cu'(atsm), although ~40% survival occurred with
doses of Cu'(atsm,) = 125 nM (Figure 5a,b). In contrast to Cu'(atsm),
Cu'"(atsm,) was unable to prevent lipid peroxidation induced by Fe' in
cell-free arachidonic acid (Figure 5c) or in cellular-derived lipids (-
Figure S8), consistent with —NH—CHj functional groups present in
both Cu'(atsm) and Ni"(atsm) contributing to their radical quenching
activity.

Lipid peroxidation associated with ferroptosis is thought to be ini-
tiated by the oxidation of cellular Fe"" (Gaschler et al., 2018). To assess
whether Cu'(atsm) might stabilise Fe" as the mechanism of its anti-
ferroptotic activity, we assayed the change of Fe redox state in the
cell-free lipid peroxidation assay with arachidonic acid. We monitored
lipid peroxidation (Figure 6a,b) induced by Fe' (Figure 6a,c) and Fe'"
(Figure 6b,d) solutions over 30 min, and Ferene-S was used to mea-
sure Fe' at the beginning and end of this period (Figure 6c,d). Fe'"
induced a large increase in lipid peroxidation, which had a rapid phase
that was largely completed by the time the first measurement could
be taken (1 min), followed by a slower continual parabolic accumula-

tion (Figure 6a). Fe'"

induced far less lipid peroxidation, but this slightly
accumulated over the 30-min incubation (Figure 6b), consistent with a
small amount of redox cycling in the aerobic buffer. The amount of
lipid peroxidation detected by C11-BODIPY(581/591) over 30 min
was not matched by a decrease in Fe'' detected by Ferene-S added at
the end of the experiment (Figure 6c,d). This indicates that either the
C11-BODIPY(581/591) change is being driven by smaller concentra-

tions of Fe' than the Ferene-S assay can discriminate or that redox

cycling of Fe' drives the lipid peroxidation with no net oxidation of
Fe" (Figure 6e). Both liproxstatin-1 and Cu'(atsm) suppressed lipid
peroxidation in the presence of either Fe' or Fe'" (Figure 6a,b). We
manipulated the oxidation state of the Fe forms in the experimental
system by introducing ceruloplasmin (a ferroxidase that rapidly con-
verts Fe' to Fe'") or the strong reducing agent, ascorbate (that rapidly
converts Fe'' to Fe'). Ceruloplasmin decreased Fe' levels (Figure 6c),
and limited lipid peroxidation induced by either Fe' or Fe'" (Figure 6a,
b). Conversely, ascorbate markedly increased Fe' levels when the
starting solution contained Fe' (Figure 6d), but not when the starting

"induced

solution contained Fe" (Figure 6c). Ascorbate enhanced Fe
lipid peroxidation (Figure 6b) but limited Fe"-induced lipid peroxida-
tion (Figure 6a). These findings indicate that hampering the redox
cycling of the Fe'/Fe!" species, by biasing the environment towards
one redox state or the other, limits the peroxidation propagated by
the Fe species. Liproxstatin-1 and Cu"(atsm) limited lipid peroxidation
induced by both Fe'" and Fe'" (Figure 6a,b) without altering Fe' levels
(Figure 6c,d), indicating that these compounds do not quench lipid
peroxidation by modulating Fe oxidation or reduction.

4 | DISCUSSION

Growing evidence implicates ferroptosis in various neurological dis-
orders. Hence, there is interest in developing high potency and
selective ferroptosis inhibitors with favourable pharmacokinetic
properties and capable of crossing the blood-brain barrier. When
ferroptosis was first described in 2012 (Dixon et al, 2012),
Cu'(atsm) had already commenced development for neurological dis-
orders after showing efficacy in mouse models of ALS (Hilton et al.,
2017; McAllum et al., 2013; Roberts et al., 2014; Soon et al., 2011;
Vieira et al., 2017), PD (Hung et al.,, 2012) and stroke (Huuskonen
et al, 2017). Phase 1 trial results of Cu'(atsm) for ALS
(NCT02870634) recently reported promising benefits on ALSFRS-r
score, Edinburgh Cognitive Assessment Scale (ECAS) and forced
vital capacity (Rowe et al, 2018). A separate Phase 1 trial of
Cu'(atsm) for PD (NCT03204929) has more recently reported bene-
fits in disease severity by UPDRS and quality of life by PDQ-39
(Evans et al., 2019). Further testing will be needed to confirm these
results, but our current findings indicate that should Cu'(atsm) dem-
onstrate clinical efficacy for these disorders, the drug's mechanism
of action could be as a ferroptosis inhibitor with potency
approaching that of liproxstatin-1.

Cu'(atsm) prevents lipid peroxidation without altering the oxida-
tion state of Fe, consistent with Cu''(atsm) acting like ferrostatin-1 and
liproxstatin-1 to prevent propagation of the lipid radicals rather than
to prevent Fe" oxidation. The antiferroptotic activity of ferrostatin-1
and liproxstatin-1 is due to their ability to inhibit lipid peroxidation by
rapid transfer of a H atom from their aryl amine moieties to lipid radi-
cals, thereby quenching the lipid radical (Shah et al., 2017). Coordina-
tion of divalent Cu" and Ni" to bis(thiosemicarbazone) ligands involves
a double deprotonation of the ligand to give a resonance stabilised

conjugated conformation of the ligand where the NH-4-methyl
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substituent could be a possible H atom donor that could be consid-
ered comparable to the aryl amine present in both ferrostatin-1 and
liproxstatin-1. The redox activity of bis(thiosemicarbazone)Cu' com-
plexes is not confined to the metal ion. Conjugated thiosemicarbazone
ligands are redox noninnocent (Haddad, Cronin, Mashuta, Buchanan, &
Grapperhaus, 2017; Holland, Green, & Dilworth, 2006; Kowol et al.,
2008). The cyclic voltammogram of Cu'(atsm) reveals not only a

! process at E® = —1.20 V versus ferricenium/ferrocene

reversible Cu
(Fc*/Fc) in dimethylformamide but also a reversible oxidation at higher
potentials, E® = 0.24 V versus Fc*/Fc in DMF (Dearling et al., 2002).
This reversible process has been attributed to Cu"", but density func-
tional theory calculations suggest that the highest occupied molecular
orbital is ligand based with n-character taking a small contribution
from the metal d,, orbital (Holland et al., 2006).

Either of the two NH-methyl substituents present in Cu'(atsm)
could serve as H atom donor where the radical generated could be
stabilised by delocalisation over the conjugated ligand backbone. This
possibility was investigated in two ways. Firstly, the importance of the
conjugated ligand backbone was demonstrated by the observation
that the analogous Ni'(atsm) displayed comparable cytoprotective
activity to Cu'(atsm). This important observation suggests that the
role of the metal ions, in this instance, is to promote the deprotonation
of the ligand to provide the delocalised conjugated conformation of
the bis(thiosemicarbazone) ligand. Secondly, the importance of the
potential H atom donor of the —N—CH; substituent was demon-
strated by investigating an analogue where this H atom is replaced
with a second methyl substituent, =N (CH3),, to give Cu'(atsm,). The
Cu'(atsm,) complex, which lacks a potential H donor, was unable to
prevent lipid peroxidation induced by Fe' in a cell-free system and
was far less efficacious than Cu'(atsm) in rescuing ferroptosis in N27
cells and cell-free lipid peroxidation induced by Fe'.

In summary, Cu'(atsm) possesses unexpected RTA properties
similar to the antiferroptosis agents, liproxstatin-1 and ferrostatin-1.
This may explain how Cu'(atsm) suppressed lipid peroxidation in a
(Wada,
Tajima, & Yokoyama, 1994), just as liproxstatin-1 and ferrostatin-1

myocardial ischaemia/reperfusion model Fujibayashi,
rescue models of ischaemia/reperfusion (Friedmann Angeli et al.,
2014; Tuo et al., 2017). The potency of Cu'(atsm) is within an order
of magnitude of the canonical ferroptosis inhibitor, liproxstatin-1,
while its oral bioavailability, preclinical safety, and brain penetrant
properties make it an attractive investigational product for clinical
trials of ferroptosis-related diseases. The antiferroptotic properties
of Cu''(atsm) could be the prospective disease-modifying mechanism

being explored in current ALS and PD clinical trials.
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