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a  b  s  t  r  a  c  t

The  central  nervous  system  (CNS)  uses  a significant  amount  of oxygen  for energy  production.  Decreased
oxygen  supply  due  to impaired  blood  supply  critically  damages  the CNS. As chronic  hypoxic  conditions
have  diverse  effects  via  the  excessive  production  of  reactive  oxygen  species,  protection  from  hypoxic
damage  is important  for  cell  survival.  Recent  studies  have  revealed  that various  markers  of hypoxia  are
altered  in  age-related  neurodegenerative  diseases  such  as  amyotrophic  lateral  sclerosis  (ALS),  indicat-
ing  the  involvement  of  hypoxia.  However,  therapeutic  strategies  targeting  hypoxia-induced  pathways
in  ALS  have  not  been  developed  yet.  We  previously  screened  small-molecule  compounds  that  inhibit
hypoxia-induced  cell  death  and  identified  6-deoxyjacareubin.  We  hypothesized  that  the  modulation
of  hypoxia  signaling  by  6-deoxyjacareubin  might  protect  motor  neurons  in  ALS. Here,  we  show  that
6-deoxyjacareubin  indeed  ameliorates  neurodegeneration  in  a  mouse  model  of familial  ALS.  Adminis-
tration  of 6-deoxyjacareubin  to this  familial  ALS  model  significantly  attenuated  disease  progression  and
eurodegeneration improved  locomotor  dysfunction.  We  also found  that  6-deoxyjacareubin  reduced  motor  neuron  loss and
glial  activation.  Our  results  indicate  that  6-deoxyjacareubin  might  serve  as a  potential  therapeutic  tool  for
ALS. Moreover,  these  results  suggest  that  modulation  of  hypoxia  signaling  pathways  provides  a  promis-
ing  strategy  to develop  therapies  for other  types  of  neurodegenerative  diseases  also  characterized  by
hypoxia.

© 2020  Elsevier  B.V.  and  Japan  Neuroscience  Society.  All rights  reserved.
. Introduction

Amyotrophic lateral sclerosis (ALS), also known as Lou Gehrig’s
isease or motor neuron disease, is an adult-onset neurodegenera-
ive disease characterized by loss of upper and lower motor neurons
n the spinal cord and motor cortex (Brown and Al-Chalabi, 2017;
an Es et al. (2017v)). Patients with ALS show progressive muscle
eakness and atrophy, and the disease finally causes lethal respira-

ory failure within 3–5 years of onset. Although ∼10 % of ALS cases
re familial, the majority of cases are sporadic. Whereas extensive
Please cite this article in press as: Hoshino, T., et al., 6-Deoxy
cell death, ameliorates neurodegeneration in a mouse model of 
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tudies have identified several familial ALS genes, there is currently
o effective treatment to halt the progression of ALS. Superox-

de dismutase 1 (SOD1) is the first gene to be identified in which

Abbreviations: ALS, amyotrophic lateral sclerosis; ROS, reactive oxygen species;
OD1, Cu/Zn superoxide dismutase; 6-Deox, 6-Deoxyjacareubin.
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507, Japan.
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mutations are associated with familial ALS cases and accounts for
∼12–20 % of familial ALS cases (Renton et al., 2014; Rosen et al.,
1993; Taylor et al., 2016). Because rodent strains carrying a human
SOD1 mutation such as SOD1G93A show an ALS-like phenotype
characterized by progressive locomotor dysfunction, motor neuron
loss, and activation of microglia and astrocytes, these models have
been used widely as familial ALS models (Philips and Rothstein,
2015).

The central nervous system (CNS) requires significant amounts
of oxygen for adenosine triphosphate (ATP) production (Girouard
and Iadecola, 2006; Zlokovic, 2008). Once oxygen supply is compro-
mised due to impaired blood supply, the CNS is critically damaged.
Using a mouse model of familial ALS, one study revealed that the
neurovascular unit is disrupted prior to motor neuron degeneration
and that spinal blood flow is impaired at presymptomatic stages,
indicating relative hypoxia in motor neurons (Miyazaki et al., 2012,
jacareubin, a natural compound preventing hypoxia-induced
familial amyotrophic lateral sclerosis. Neurosci. Res. (2020),

2011). Furthermore, intermittent hypoxia aggravates motor neu-
ron loss in a mouse familial ALS model (Kim et al., 2013). Sustained
hypoxia has a number of consequences including cell death and
inflammation by inducing excessive production of reactive oxygen

https://doi.org/10.1016/j.neures.2020.02.011
https://doi.org/10.1016/j.neures.2020.02.011
http://www.sciencedirect.com/science/journal/01680102
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pecies (ROS) (Tafani et al., 2016). In fact, accumulation of oxida-
ive stress markers is observed in rodent models of ALS, as well as
n patients with ALS (Barber et al., 2006; Casoni et al., 2005; Chang
t al., 2008; Niedzielska et al., 2016). Cells adapt to changes caused
y increased hypoxic stress by upregulating pathways related to
ntioxidation (e.g., heme oxygenase 1, HO-1), angiogenesis (e.g.,
ascular endothelial growth factor, VEGF), or glycolysis (e.g., hex-
kinase 2, HK2) via stabilizing hypoxia-inducible factor 1 alpha
HIF-1�) (Cavadas et al., 2016; Iyer et al., 1998). Elevated levels of
ypoxia-related products such as HIF-1� are observed in both ALS
odent models and patients with ALS (Nagara et al., 2013; Sato et al.,
012). Considering that hypoxia is observed in other neurodegener-
tive diseases such as Alzheimer’s disease and Parkinson’s disease
Asllani et al., 2008; Foti et al., 2010; Gutiérrez-Jiménez et al., 2018;
turria-Medina et al., 2016; Love and Miners, 2016; Nielsen et al.,
017; Nortley et al., 2019; Zeisel et al., 2018), these results implicate
ypoxia in the pathogenesis of ALS and suggest that the modulation
f hypoxia signaling pathways plays an important role in neurode-
eneration. However, the effects of modulating these pathways in
LS remain unclear.

In previous assays, we screened small-molecule compounds
gainst chemically induced hypoxia (cobalt chloride; CoCl2) and
ealed chamber hypoxia (0.5 % O2) by assessing cell viability, and we
dentified several compounds that protect against hypoxia-induced
ell death (unpublished data). Furthermore, in a structure-activity
elationship (SAR) study, we found that 6-deoxyjacareubin is a can-
idate compound. In addition, this compound has neuroprotective
ffects in an experimental rat model of glaucoma (unpublished
ata). 6-Deoxyjacareubin is a natural xanthone, initially isolated

rom the leaves of Vismia latifolia (Fig. 1A), and is used in traditional
razilian medicine as a tonic and antipyretic agent (Doriguetto
t al., 2001). This compound has been reported to have many bio-
ogical properties, including anticancer (Teh et al., 2013), antifungal
Rocha et al., 1994), and antioxidant (Yi et al., 2011) functions, and
nhibition of the platelet-activating factor receptor (PAFR) (Jantan
t al., 2002; Oku et al., 2005). However, the beneficial effect of
-deoxyjacareubin in neurodegenerative diseases such as ALS is
nknown. We hypothesized that the modulation of hypoxia sig-
aling by 6-deoxyjacareubin would protect compromised motor
eurons in in vivo models of ALS. To assess its benefits in motor neu-
on disease, we treated ALS model mice with 6-deoxyjacareubin.

. Materials and methods

.1. Study design and reagents

The objective of this study was to investigate the efficacy
f 6-deoxyjacareubin in inhibiting hypoxia-induced cell death

n SOD1G93A mice. All experiments were performed in accor-
ance with approved guidelines. We  purchased 6-deoxyjacareubin
CAS#16265-56-8) from ALB Technology Limited (Henderson, NV,
SA) and Aldab Chemicals (Boston, MA,  USA), CoCl2•6H2O (cat#C-
661) and Cremophor EL (cat#C5135) from Sigma-Aldrich (St.
ouis, MO,  USA), saline solution from Otsuka Pharmaceutical Fac-
ory (Tokushima, JPN, cat#2402187), dimethyl sulfoxide (DMSO;
at#09659-85) and hydrogen peroxide (H2O2; cat#18411-25) from
acalai Tesque (Kyoto, JPN), isoflurane (cat#133403) from Pfizer

New York, NY, USA), erastin (cat#329600) from Calbiochem (San
iego, CA, USA), and staurosporine (cat#197-10251) from Wako

Osaka, JPN).
Please cite this article in press as: Hoshino, T., et al., 6-Deoxy
cell death, ameliorates neurodegeneration in a mouse model of 
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.2. Cell culture

Human HEK293T cells (RRID: CVCL 0063, American Type Cul-
ure Collection; ATCC, Manassas, VA, USA) were cultured in
 PRESS
search xxx (2020) xxx–xxx

high glucose Dulbecco’s Modified Eagle’s Medium (DMEM; Wako,
cat#043-30085) supplemented with 10 % fetal bovine serum (FBS;
Gibco, Grand Island, NY, USA, cat#10270) and 1 % penicillin-
streptomycin (PS) solution (Nacalai Tesque, cat#26253-84) in a
humidified incubator with 5 % CO2 at 37 ◦C. For hypoxia treatment,
the cells were incubated for 24 h under hypoxic conditions (1 % O2,
5 % CO2) using the Anaero Pack System for cells (Mitsubishi Gas
Chemical, Tokyo, JPN, cat#1-8754-01). A maximum of seven cell
passages was  used.

2.3. Cell viability assay

HEK293T cells were seeded at 10,000 cells per well in 96-well
plates coated with collagen (CellMatrix, Nitta-Gelatin, Osaka, JPN,
cat#KP-4100) in DMEM supplemented with 1 % FBS and 1 % PS. Cell
viability was  measured using the CellTiter-Glo2 assay (Promega,
Fitchburg, WI,  USA, cat#G9242) or the Cell Count Reagent SF
(WST-8 assay; Nacalai Tesque, cat#07553-44) according to the
manufacturer’s protocols. All plate assays were measured using an
ARVO X5 (PerkinElmer, Waltham, MA,  USA). n = 3 per group.

2.4. Mice

Male human SOD1G93A transgenic mice (B6.Cg-
Tg(SOD1*G93A)1Gur/J; SOD1G93A mice, RRID: IMSR JAX:004435)
were obtained from the Jackson Laboratory (Bar Harbor, ME,
USA). Male SOD1G93A mice were bred with female C57BL/6J mice
purchased from Charles River Japan, Inc. (Shiga, JPN). The mice
were housed under standard conditions, i.e., at 24 ◦C ± 2 ◦C, 50 % ±
10 % humidity, and a 12-h light/dark cycle, with free access to food
and water in a specific pathogen-free vivarium. For genotyping, we
used the forward primer 5′-CTAGGCCACAGAATTGAAAGATCT-3′

and the reverse primer 5′-GTAGGTGGAAATTCTAGCATCATCC-3′

to detect mouse-derived Sod1 (IMR7338 and IMR7339) and
used the forward primer 5′-CATCAGCCCTAATCCATCTGA-3′ and
the reverse primer 5′-CGCGACTAACAATCAAAGTGA-3′ to detect
human-derived SOD1 (IMR0113 and IMR0114). SOD1G93A mice
weighing more than 22 g (seven weeks old) were used for the
treatment group. Age-matched littermates of end-stage (145–160
days) ALS mice were used for RT-qPCR analysis, Nissl staining, and
immunohistochemistry.

All studies were performed in accordance with the Guidelines
for Animal Studies of Kyoto University (MedKyo17589, Med-
Kyo18224, and MedKyo19227).

2.5. RNA extraction and real-time quantitative polymerase chain
reaction analysis

Total RNA was  extracted using TriPure (Roche, Basel, CHE,
cat#11667165001) and RNeasy mini plus kit (Qiagen, Ger-
mantown, MD,  USA, #74136) according to the manufacturer’s
instructions with slight modification. Briefly, the spinal cord from
mice was homogenized using a QIA shredder (Qiagen, cat#79656)
in a TriPure isolation reagent. After adding chloroform, the sample
was centrifuged at 12,000 × g for 15 min  at 4 ◦C. The upper aqueous
phase was  transferred to a gDNA eliminator spin column and cen-
trifuged at 8,000 × g for 30 s. After that, the same volume of 70 %
ethanol was  added to the flow-through and applied to a RNeasy spin
column. Total RNA was reconstituted in RNase free water. cDNA
was synthesized from total RNA using PrimeScript RT Master Mix
(Perfect Real Time; TaKaRa Bio Inc., Shiga, JPN, cat#RR036A). Real-
time quantitative polymerase chain reaction (RT–qPCR) analysis
jacareubin, a natural compound preventing hypoxia-induced
familial amyotrophic lateral sclerosis. Neurosci. Res. (2020),

was performed using a LightCycler 480 (Roche) with the Light-
Cycler 480 SYBR Green I master mix  (Roche, cat#04887352001).
For all experiments, expression levels were normalized to those of
glyceraldehyde-3-phosphate dehydrogenase (Gapdh). The primers

https://doi.org/10.1016/j.neures.2020.02.011
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Fig. 1. 6-Deoxyjacareubin inhibits hypoxia-induced cell death via a non-apoptotic pathway. (A) Structure of 6-deoxyjacareubin. (B) HEK293T cells were treated with sealed
chamber hypoxia (1 % O2) in the presence or absence of 6-deoxyjacareubin. (C) HEK293T cells were treated with the chemical hypoxia-inducing agent CoCl2 in the presence
or  absence of 6-deoxyjacareubin. (D) HEK293T cells were treated with the apoptosis-inducing agent staurosporine in the presence or absence of 6-deoxyjacareubin. (E)
HEK293T cells were treated with H2O2 in the presence or absence of 6-deoxyjacareubin. (F) HEK293T cells were treated with the ferroptosis-inducing agent erastin in the
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resence or absence of 6-deoxyjacareubin. (B–F) Cell viability was measured using th
o  the control group. **: p < 0.01. ***: p < 0.001. n.s.: not significant. One-way ANOV

sed for this study are listed in the Supplementary Table. n = 3–4
er group.

.6. Administration of 6-deoxyjacareubin, onset time, and
urvival

For administration of 6-deoxyjacareubin, the mice were ran-
omly divided into three groups: wild-type (WT) + vehicle group;
OD1G93A + vehicle group; SOD1G93A + 6-deoxyjacareubin. No
linding was performed in this study. Starting at the age of eight
eeks, male SOD1G93A mice were injected intraperitoneally (i.p.)
ith 100 �L of 6-deoxyjacareubin (5 mg  kg−1) or vehicle (10 %
MSO and 10 % Cremophor EL in saline) every seven days for 1
onth. Disease onset was determined as the time when the mice

eached the maximum weight (Endo et al., 2015). Mice were con-
idered to have reached end-stage disease when they were unable
o right themselves within 20 s of being placed on their side. n = 6
er group.

.7. Motor performance

Motor performance was assessed using an accelerating rotarod
evice (model 7650; Ugo Basile, Gemonio VA, Italy). Mice were
rained for three consecutive days prior to the start of the record-
ng. The mice ran on the rotarod for over 2 min  and measurements

ere performed six times per week from when the mice were eight
eeks old until the mice were unable to remain on the rotarod for
ore than 10 s. The best values of three trials were scored. A 15-min

est was allowed between trials. n = 7 per group.

.8. Nissl staining and immunohistochemistry
Please cite this article in press as: Hoshino, T., et al., 6-Deoxy
cell death, ameliorates neurodegeneration in a mouse model of 
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Isoflurane-anaesthetized mice were perfused with pre-chilled
BS, and the lumbar spinal cords were embedded in Tissue-Tek
.C.T. compound (Sakura FineTek, Tokyo, JPN, cat#4583). For the
issl staining, fresh frozen 20-�m sections were stained in 0.1 %
Titer-Glo2 assay. n = 3 per group. Data are presented as the mean ± SEM normalized
wed by Tukey’s post hoc test.

cresyl violet (Muto Pure Chemicals Co. Ltd., Tokyo, JPN, cat#4102-
2) with 0.1 % acetic acid at room temperature for 5 min  and rinsed
with 95 % ethanol with a few drops of 10 % acetic acid for 10 min.
After that, the sections were penetrated and enclosed by Entellan
new (Merck Millipore, Burlington, MA,  USA, cat#107961). Images of
the sections were captured using a brightfield microscope BZ-9000
(Keyence, Osaka, JPN), and the number of motor neurons was  man-
ually quantified as the average of six sections that were randomly
selected.

For immunohistochemistry, fresh frozen 20-�m sections were
fixed using 4 % paraformaldehyde (Nacalai Tesque, cat#26126-25)
in PBS for 20 min, washed in PBS twice every 2 min, and finally
washed in PBS with 0.3 % Triton X-100 (PBST) for 2 min. Sections
were blocked using BlockingOne (Nacalai Tesque, cat#03953-95)
at room temperature for 30 min  or 5 % normal goat serum with
PBST at room temperature for 1 h. The sections were next incu-
bated with primary antibodies in 5 % BlockingOne with PBST at
4 ◦C overnight (∼16 h). After washing the sections with PBST
three times for 5 min, they were exposed to goat or donkey sec-
ondary antibodies conjugated to Alexa Fluor 488 (Thermo Fisher
Scientific, Waltham, MA,  USA, cat#A32731 or cat#A21202) or 647
(Thermo Fisher Scientific, cat#A31573) at a 1:1,000 dilution in
5 % BlockingOne with PBST for 1 h at room temperature. The
sections were then washed in PBST twice for 5 min  and subse-
quently in PBS for 5 min  at room temperature. The sections were
mounted on coverslips with ProLong Diamond Antifade Mountant
with 4′,6-diamidino-2-phenylindole (DAPI; Thermo Fisher Scien-
tific, cat#P36952), and images were captured using a fluorescence
microscope BZ-9000 (Keyence), fluorescence microscope BZ-X710
(Keyence), or fluorescence confocal microscope FV-1000 (OLYM-
PUS, Tokyo, JPN). The expression levels of glial activation markers
and 4-hydroxy-2-nonenal (4-HNE) were quantified as fluorescence
jacareubin, a natural compound preventing hypoxia-induced
familial amyotrophic lateral sclerosis. Neurosci. Res. (2020),

intensities from an average of three randomly selected sections
using ImageJ/Fiji (version 2.0.0, RRID:SCR 002285) software. The
primary antibodies used for immunohistochemistry were rabbit
anti-4-HNE (1:200; Abcam, cat#ab46545, RRID:AB 722490), rab-

https://doi.org/10.1016/j.neures.2020.02.011
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Fig. 2. Hypoxia-related genes are altered in familial ALS model mice. RT–qPCR anal-
ysis  was  performed to analyze the expression of hypoxia-related genes in the spinal
cord  of wild-type (WT) and littermate SOD1G93A mice. (A) Hk2, (B) Lox,  (C) Pfkfb3,
(D)  Ldha, (E) Pgk1, (F) Egln1, (G) Mrpl46, (H) Slc5a6, (I) Elovl6.  The expression levels
were normalized to Gapdh expression. n = 3 mice per group. Data are presented as
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Fig. 3. 6-Deoxyjacareubin prolongs the survival of familial ALS model mice. (A) 6-
Deoxyjacareubin injection schedule. SOD1G93A mice (eight weeks old) were injected
i.p.  with either vehicle or 6-deoxyjacareubin (5 mg  kg−1) every week for 1 month.
(B) Kaplan-Meier curves for the disease onset time in SOD1G93A mice treated with
either vehicle (blue; n = 6 per group) or 6-deoxyjacareubin (red; n = 6 per group). (C)
Plotted mean onset time. (D) Kaplan-Meier curves for the survival time of SOD1G93A

mice treated with either vehicle (blue; n = 6 per group) or 6-deoxyjacareubin (red;
n  = 6 per group). (E) Plotted mean survival time. Data are presented as the mean
ox plot and dot plots normalized to the wild-type group. *: p < 0.05. **: p < 0.01.
**:  p < 0.001. Student’s t-test. Abbreviation: G93A, SOD1G93A.

it anti-Iba1 (1:500; Wako, cat#019-19741), mouse anti-GFAP
1:500; Sigma-Aldrich, cat#G3893, RRID:AB 47710), and mouse
nti-SLC5A6 (1:1,000; Santa Cruz Biotechnology, Dallas, TX, USA,
at#sc-390080). n = 4 per group.

.9. Statistical analysis

All data are presented as the mean ± standard error of the
ean (SEM) or as box plots with dot plots. Statistical analyses were

erformed using R (Version 3.5.1) and MATLAB (Version R2018a,
RID:SCR 001622) software. We  used the one-way analysis of vari-
nce (ANOVA) followed by Tukey’s multiple comparison test for
ultiple groups comparisons and Student’s t-test for comparisons

etween two groups. Analyses of disease onset and survival period
ere performed using the log-rank test, and no sample size calcu-

ation was performed in this study. Differences with p < 0.05 were
onsidered to be statistically significant.

. Results

.1. 6-Deoxyjacareubin protects against non-apoptotic cell death
y inhibiting ROS production
Please cite this article in press as: Hoshino, T., et al., 6-Deoxy
cell death, ameliorates neurodegeneration in a mouse model of 
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We  confirmed that 6-deoxyjacareubin inhibited cytotoxicity
nduced by sealed chamber hypoxia (1 % O2) and chemically
nduced hypoxia (CoCl2) in HEK293T cells and other types of cell
±  SEM. **: p < 0.01. n.s., not significant. Log-rank test. Abbreviation: 6-Deox, 6-
deoxyjacareubin.

lines such as HT1080 (human sarcoma cell line), Neuro2a (mouse
neuroblastoma cell line), and MO3.13 (human oligodendrocytic
cell line) (Fig. 1A–C, Supplementary Fig. S1A–D). Subsequently,
we determined whether 6-deoxyjacareubin could prevent intracel-
lular ROS generation, because hypoxia increases ROS production
(Tafani et al., 2016). As shown in Supplementary Fig. S2A, B, 6-
deoxyjacareubin inhibited ROS production after exposure to CoCl2.
To further analyze the specificity of 6-deoxyjacareubin in greater
detail, we evaluated the protective effects of 6-deoxyjacareubin
against various agents that induce cell death. As shown in Fig. 1D–F,
6-deoxyjacareubin did not protect cells against the effects of
staurosporine (apoptosis), H2O2 (mainly necrosis), or erastin (fer-
roptosis). Since 6-deoxyjacareubin is known to be a PAFR inhibitor
(Jantan et al., 2002; Oku et al., 2005), we  also checked whether
the well-known PAFR inhibitors, WEB-2086 and ginkgolide B, sup-
press hypoxia-induced cell death. However, neither WEB-2086 nor
ginkgolide B influenced cell death initiated by chemically induced
hypoxia (CoCl2) (Supplementary Fig. S3A, B). Finally, we  checked
the expression levels of HIF-1� and found that 6-deoxyjacareubin
did not change HIF-1� expression (Supplementary Fig. S4A, B).
These results suggest that 6-deoxyjacareubin acts as a protective
jacareubin, a natural compound preventing hypoxia-induced
familial amyotrophic lateral sclerosis. Neurosci. Res. (2020),

agent against non-apoptotic cell death by inhibiting ROS generation
under hypoxic conditions.

https://doi.org/10.1016/j.neures.2020.02.011
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Fig. 4. 6-Deoxyjacareubin prevents deterioration of locomotor function in familial
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.2. 6-Deoxyjacareubin prolongs the survival time of SOD1G93A

ice and improves their locomotor dysfunction

To confirm that hypoxia occurs in the ALS model, we used RT-
PCR to first examine the expression levels of hypoxia-responsive
enes in the spinal cord of SOD1G93A mice. Using published reports
n RNA-seq and microarrays, we evaluated the expression levels of
everal genes known to be altered after sealed chamber hypoxia
nd chemically induced hypoxia (CoCl2) (Calvo-Anguiano et al.,
018; Cavadas et al., 2016; Zhigalova et al., 2015). We  observed
hat the expression levels of several hypoxia-related genes such
s Lox, Ldha, and Hk2 were altered in end-stage SOD1G93A mice
Fig. 2A–I).

To evaluate the therapeutic effects of 6-deoxyjacareubin in
OD1G93A mice, 6-deoxyjacareubin (5 mg  kg−1) or vehicle (10 %
MSO and 10 % Cremophor EL in saline) was injected i.p. into
OD1G93A mice (Fig. 3A). Because spinal blood flow is impaired
t presymptomatic stages (Miyazaki et al., 2012, 2011), the drugs
ere administered weekly from the age of eight weeks. We  also

onfirmed that no obvious phenotypic or toxic changes, such
s a loss of body weight, were observed in the WT  mice by
njecting vehicle or 6-deoxyjacareubin (Supplementary Fig. S5).
lthough 6-deoxyjacareubin administration showed only a ten-
ency to delay the onset time in SOD1G93A mice (vehicle group:
10.7 ± 8.3 days; 6-deoxyjacareubin group: 116.8 ± 9.2 days;
ig. 3B, C), the compound significantly increased the survival
ime in SOD1G93A mice by ∼16 days (vehicle group: 162.2 ±
.8 days; 6-deoxyjacareubin group: 178.0 ± 7.0 days; Fig. 3D,
).

Because SOD1G93A mice show progressive locomotor dys-
unction due to loss of motor neurons, we  also performed
he rotarod test. In the vehicle group, locomotor function pro-
ressively declined, but administration of 6-deoxyjacareubin
ttenuated this decline (Fig. 4, Supplementary Video). We  also
onfirmed that 6-deoxyjacareubin suppressed the abnormal limb-
Please cite this article in press as: Hoshino, T., et al., 6-Deoxy
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lasping reflex by tail suspension (Supplementary Fig. S6).
hese results suggest that 6-deoxyjacareubin has neuroprotective
ffects.

ig. 5. 6-Deoxyjacareubin attenuates motor neuron loss in familial ALS model mice. (A, B)
ehicle or 6-deoxyjacareubin. (A) Representative images of Nissl-stained ventral horns of
n  (A). n = 4 per group. Data are presented as the mean ± SEM. ***: p < 0.001. n.s.: not sign
-deoxyjacareubin.
ALS model mice. Rotarod performance of SOD1G93A mice treated with either vehi-
cle  (blue; n = 7 per group) or 6-deoxyjacareubin (red; n = 7 per group). Data are
presented as the mean ± SEM. **: p < 0.01. Student’s t-test. Abbreviation: 6-Deox,
6-deoxyjacareubin.

3.3. 6-Deoxyjacareubin attenuates motor neuron loss and
suppresses glial activation in end-stage SOD1G93A mice

To assess the pathology of SOD1G93A mice, we  next performed
Nissl staining. Severe motor neuron loss (70.8 % reduction) was
observed at the end stage in vehicle-treated SOD1G93A mice. By
contrast, significant recovery was  observed in 6-deoxyjacareubin-
treated SOD1G93A mice (32.0 % improvement; Fig. 5A, B). It is
known that oxidative stress-related products such as 4-HNE, a lipid
peroxidation product often used as an oxidative stress marker,
accumulate in motor neurons of ALS model mice (Kim et al.,
2009). Therefore, we  performed immunostaining against 4-HNE to
assess the effects of 6-deoxyjacareubin on oxidative stress in motor
jacareubin, a natural compound preventing hypoxia-induced
familial amyotrophic lateral sclerosis. Neurosci. Res. (2020),

neurons. As shown in Supplementary Fig. S7A, B, less 4-HNE accu-
mulation was seen in 6-deoxyjacareubin-treated SOD1G93A mice.
These results suggest that 6-deoxyjacareubin protects motor neu-
rons by dampening oxidative stress.

 End-stage SOD1G93A mice and their wild-type (WT) littermates treated with either
 the lumbar spinal cord. Scale bar: 40 �m. (B) Quantification of the data presented
ificant. One-way ANOVA followed by Tukey’s post hoc test. Abbreviation: 6-Deox,

https://doi.org/10.1016/j.neures.2020.02.011
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Fig. 6. 6-Deoxyjacareubin prevents glial activation in familial ALS model mice. (A–C) Wild-type (WT) and end-stage SOD1G93A mice treated with either vehicle or 6-
d FAP (a
s p. Dat
0 ns: 6-

w
c
g
g
a
S
a
g

eoxyjacareubin. (A) Representative images of immunofluorescence staining for G
pinal cord. Scale bar: 40 �m.  (B, C) Quantification of the data in (A). n = 4 per grou
.01.  ***: p < 0.001. One-way ANOVA followed by Tukey’s post hoc test. Abbreviatio

To examine the effects of 6-deoxyjacareubin in glial cells,
e performed immunostaining using antibodies against ionized

alcium-binding adapter molecule 1 (Iba1; microglial marker) and
lial fibrillary acidic protein (GFAP; astrocyte marker). We  observed
eneralized glial activation in the form of increased microglial and
strocyte-specific staining in the spinal cord of vehicle-treated
Please cite this article in press as: Hoshino, T., et al., 6-Deoxy
cell death, ameliorates neurodegeneration in a mouse model of 
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OD1G93A mice (Fig. 6A–C). By contrast, activation of microglia
nd astrocytes was attenuated in the 6-deoxyjacareubin-treated
roup (Fig. 6A–C). These results indicate that 6-deoxyjacareubin
strocyte marker) and Iba1 (microglial marker) in the ventral horns of the lumbar
a are presented as the mean ± SEM normalized to the WT  group. *: p < 0.05. **: p <
Deox, 6-deoxyjacareubin.

suppresses glial activation in addition to its protective effect on
motor neuron loss.

3.4. Downregulation of Slc5a6 expression improved after
treatment with 6-deoxyjacareubin in end-stage SOD1G93A mice
jacareubin, a natural compound preventing hypoxia-induced
familial amyotrophic lateral sclerosis. Neurosci. Res. (2020),

Finally, we  assessed the expression levels of hypoxia-responsive
genes (Fig. 2A–I) in the spinal cord of SOD1G93A mice treated with
vehicle or 6-deoxyjacareubin, to examine the effects of hypoxia-
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Fig. 7. Downregulation of Slc5a6 expression improved after treatment with 6-deoxyjacareubin in familial ALS model mice. (A) RT–qPCR analysis of the expression of Slc5a6
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n  the spinal cord of wild-type (WT) and end-stage SOD1G93A mice treated with eithe
 = 4 mice per group. Data are presented as the mean ± SEM normalized to the WT
epresentative images of immunofluorescence staining for SLC5A6 in the ventral ho

elated genes in ALS model mice. We  found that the downregulation
f the solute carrier family 5 member 6 (Slc5a6) gene improved in
-deoxyjacareubin-treated SOD1G93A mice using RT-qPCR (Fig. 7A).
urthermore, we also conducted immunostaining of SLC5A6 and
-deoxyjacareubin also recovered in 6-deoxyjacareubin-treated
OD1G93A mice (Fig. 7B). These results are suggestive of the neu-
oprotective effects of 6-deoxyjacareubin.

. Discussion

In this study, we revealed that 6-deoxyjacareubin amelio-
ated disease progression in SOD1G93A mice. Although hypoxia
as been implicated in neurodegenerative diseases, the effect
f treating hypoxia in these diseases remains unknown. Using
he small-molecule drug 6-deoxyjacareubin, this study demon-
trates that suppression of hypoxia-induced damage is an effective
herapeutic strategy in SOD1G93A mice. However, the functional

echanisms of the effects of 6-deoxyjacareubin on hypoxia remain
nclear. 6-Deoxyjacareubin is known to be a PAFR inhibitor (Jantan
t al., 2002; Oku et al., 2005). However, the well-characterized
AFR inhibitors, WEB-2086 and ginkgolide B, did not suppress
ypoxia-induced cell death (Supplementary Fig. S3A, B). Therefore,
-deoxyjacareubin exerts its protective effects on hypoxia-induced
ell death via PAFR-independent pathways. We  also found that 6-
eoxyjacareubin did not suppress apoptosis (Fig. 1D). In support
f this, 6-deoxyjacareubin did not completely inhibit hypoxia-

nduced cell death (Fig. 1B, C), because both apoptotic and
on-apoptotic cell death occur under hypoxic conditions (Shimizu
t al., 1996). These observations suggest that the neuroprotective
ffects of 6-deoxyjacareubin is due to effects on non-apoptotic cell
eath. Recent studies have revealed that non-apoptotic cell death
lays an important role in the pathogenesis of neurodegenerative
iseases including ALS (Guégan and Przedborski, 2003; Ito et al.,
016; Kim et al., 2019; Morrice et al., 2017). Thus, suppression
f non-apoptotic cell death by 6-deoxyjacareubin may  be a useful
trategy to develop new therapies. However, this study was  unable
Please cite this article in press as: Hoshino, T., et al., 6-Deoxy
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o determine exactly which non-apoptotic cell death pathway is
uppressed by 6-deoxyjacareubin. Accordingly, future studies will
eed to identify the 6-deoxyjacareubin targets along with their

unctions.
cle or 6-deoxyjacareubin. The expression levels were normalized to those of Gapdh.
. **: p < 0.01. ***: p < 0.001. One-way ANOVA followed by Tukey’s post hoc test. (B)
the lumbar spinal cord. Scale bar: 40 �m. Abbreviation: 6-Deox, 6-deoxyjacareubin.

Since spinal blood flow is impaired at early presymptomatic
stages in SOD1G93A mice (Miyazaki et al., 2012), we adminis-
tered 6-deoxyjacareubin to eight weeks old mice for 1 month.
At this stage, oxidative stress is also increased in SOD1G93A mice
(Casoni et al., 2005; Chang et al., 2008). Because 6-deoxyjacareubin
strongly inhibited ROS production induced by chemical hypoxia
(Supplementary Fig. S2A, B), its neuroprotective effects may  be
due to suppression of ROS production. Moreover, oxidative stress
increases in neurons and glial cells during the progression of neu-
rodegenerative diseases (Casoni et al., 2005; Kim et al., 2009;
Thonhoff et al., 2012). Activated glial cells, such as astrocytes
and microglia, play important roles in neurodegenerative diseases
through a non-cell-autonomous mechanism (Ilieva et al., 2009;
Lasiene and Yamanaka, 2011). Thus, 6-deoxyjacareubin may have
a neuroprotective effect by preventing cell death of motor neurons
and by suppressing glial activation via inhibition of ROS production.
Furthermore, we  found that downregulation of Slc5a6 improved in
SOD1G93A mice after treatment with 6-deoxyjacareubin (Fig. 2H
and 7A, B). Single-cell RNA-seq data from the mouse nervous
system have revealed that Slc5a6 is highly expressed in vascu-
lar leptomeningeal cells involved in the neurovascular unit (Zeisel
et al., 2018). SLC5A6, a sodium-dependent multivitamin trans-
porter, is involved in the transportation of water-soluble vitamins
such as biotin and pantothenic acid across the blood–brain bar-
rier (BBB) (Uchida et al., 2015). Since neurovascular units and the
BBB are disrupted in ALS model mice (Garbuzova-Davis et al., 2007;
Miyazaki et al., 2011), 6-deoxyjacareubin may also play a protective
role in the neurovascular unit and/or the BBB.

HIF-1�, which is normally exposed to rapid proteolysis, translo-
cates under hypoxic conditions into the nucleus and induces the
expression of genes downstream of HIF-1�  such as Hmox1,  Vegfa,
and Hk2. However, nuclear localization of HIF-1� is impaired in ALS
model mice and in patients with ALS, despite increased expression
of HIF-1�  in motor neurons (Nagara et al., 2013; Sato et al., 2012).
Therefore, a HIF-1�-independent pathway may  be an adequate tar-
get for ALS therapies. Since 6-deoxyjacareubin did not increase
HIF-1� expression (Supplementary Fig. S4A, B), it may  have effects
other than acting as a HIF-1� activator.
jacareubin, a natural compound preventing hypoxia-induced
familial amyotrophic lateral sclerosis. Neurosci. Res. (2020),

Thus, these findings suggest that the inhibition of hypoxia-
induced cell death may  be a potential strategy for ALS treatment.
Hypoxia has been implicated in various other neurodegenera-
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ive diseases such as Alzheimer’s disease and Parkinson’s disease
Asllani et al., 2008; Foti et al., 2010; Gutiérrez-Jiménez et al., 2018;
turria-Medina et al., 2016; Love and Miners, 2016; Nielsen et al.,
017; Nortley et al., 2019; Zeisel et al., 2018), suggesting that 6-
eoxyjacareubin may  benefit these diseases as well. In the future,

urther studies using models of other neurodegenerative diseases
ill be required.

. Conclusions

We  demonstrated that treatment with 6-deoxyjacareubin pre-
ented hypoxia-induced cell death and significantly prolonged the
urvival time of a mouse model of familial ALS by attenuating
otor neuron loss and glial activation. Consequently, the present

tudy provides evidence that hypoxia treatment, such as using
-deoxyjacareubin, might be a potential therapeutic strategy for
ypoxia-related neurodegenerative diseases such as ALS.
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