Redox Biology 60 (2023) 102620

Contents lists available at ScienceDirect

Redox Biology

ELSEVIER journal homepage: www.elsevier.com/locate/redox

Intranasal administration of polysulfide prevents neurodegeneration in
spinal cord and rescues mice from delayed paraplegia after spinal
cord ischemia

Eiki Kanemaru ™', Yusuke Miyazaki ™', Eizo Marutani a, Mariko Ezaka®, Shunsaku Goto ?,
Etsuo Ohshima ”, Donald B. Bloch ¢, Fumito Ichinose "

@ Anesthesia Center for Critical Care Research, Department of Anesthesia, Critical Care and Pain Medicine, Massachusetts General Hospital and Harvard Medical School,
Boston, MA, 02114, USA

b Corporate Strategy Department, Kyowa Hakko Bio Co., Ltd., Tokyo, 164-0001, Japan

¢ Department of Medicine, Division of Rheumatology, Allergy and Immunology, Massachusetts General Hospital, Boston, MA, 02114, USA

ARTICLE INFO ABSTRACT
Keywords: Background: Delayed paraplegia is a devastating complication of thoracoabdominal aortic surgery. Hydrogen
Delayed paraplegia sulfide (H,S) was reported to be protective in a mouse model of spinal cord ischemia and the beneficial effect of

Glutathione trisulfide (GSSSG)
Hydrogen sulfide (H2S)
Pantethine trisulfide (PTN-SSS)
Spinal cord ischemia

Sulfane sulfur (S%)

H,S has been attributed to polysulfides. The objective of this study was to investigate the effects of polysulfides
on delayed paraplegia after spinal cord ischemia.

Methods and results: Spinal cord ischemia was induced in male and female C57BL/6J mice by clamping the aortic
arch and the left subclavian artery. Glutathione trisulfide (GSSSG), glutathione (GSH), glutathione disulfide
(GSSG), or vehicle alone was administered intranasally at 0, 8, 23, and 32 h after surgery. All mice treated with
vehicle alone developed paraplegia within 48 h after surgery. GSSSG, but not GSH or GSSG, prevented paraplegia
in 8 of 11 male mice (73%) and 6 of 8 female mice (75%). Intranasal administration of 3*S-labeled GSSSG rapidly
increased 34S-labeled sulfane sulfur species in the lumbar spinal cord. In mice treated with intranasal GSSSG,
there were increased sulfane sulfur levels, and decreased neurodegeneration, microglia activation, and caspase-3
activation in the lumbar spinal cord. In vitro studies using murine primary cortical neurons showed that GSSSG
increased intracellular levels of sulfane sulfur. GSSSG, but not GSH or GSSG, dose-dependently improved cell
viability after oxygen and glucose deprivation/reoxygenation (OGD/R). Pantethine trisulfide (PTN-SSS) also
increased intracellular sulfane sulfur and improved cell viability after OGD/R. Intranasal administration of PTN-
SSS, but not pantethine, prevented paraplegia in 6 of 9 male mice (66%).

Conclusions: Intranasal administration of polysulfides rescued mice from delayed paraplegia after transient spinal
cord ischemia. The neuroprotective effects of GSSSG were associated with increased levels of polysulfides and
sulfane sulfur in the lumbar spinal cord. Targeted delivery of sulfane sulfur by polysulfides may prove to be a
novel approach to the treatment of neurodegenerative diseases.

1. Introduction delayed and is caused by secondary neuronal injury in the spinal cord [3,
4]. Although the pathogenetic mechanism of secondary neuronal injury

Approximately 2-12% of patients who undergo thoracoabdominal is incompletely understood, increased oxidative stress, mitochondrial
aortic surgery experience the devastating complication of paraplegia [1, dysfunction, inflammation, apoptosis, and glutamate-mediated excito-

2]. More than 80% of the post-surgical paraplegia is reported to be toxicity have been suggested to play key roles [5,6]. Because the
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development of paraplegia is delayed in these patients, there is a win-
dow of opportunity for potential preventive intervention. However, no
pharmacologic treatment has thus far been shown to mitigate delayed
paraplegia after thoracoabdominal aortic surgery.

Hydrogen sulfide (H,S), a colorless gas with a characteristic rotten-
egg odor, is an environmental hazard produced by various natural and
industrial sources. HyS is also considered to be a signaling molecule,
which plays diverse physiological roles [7]. Many effects of H,S have
been attributed to sulfane sulfur species such as persulfides (RSSH) and
polysulfides (RS H) [8]. The cytoprotective effects of sulfane sulfur
species may be mediated by multiple mechanisms, including antioxidant
[9,10] and anti-inflammatory effects [10,11], inhibition of lipid perox-
idation and ferroptosis by scavenging free radicals [12], and
post-translational modifications of proteins [13,14]. Sulfane sulfur
species produce post-translational modifications in proteins because the
sulfane sulfur (SO), a sulfur atom with six valence electrons but no
charge, is readily donated to acceptor thiols in target proteins in a
process known as persulfidation, which modulates function of target
proteins [13,14]. In a previous study, we showed that breathing HaS
prevents delayed paraplegia in mice subjected to transient spinal cord
ischemia (SCI). The neuroprotective effects of HyS appeared to be
associated with persulfidation of nuclear factor-kappa B (NF-kB) p65
[15].

The mechanism by which systemically administered HyS donor
compounds modulate the concentration of reactive sulfur species in
target tissue is poorly defined, in part because of the short half-life of
H,S in blood [16]. This knowledge gap, concerning the in vivo phar-
macokinetics of sulfides, has hindered the application of sulfide-based
therapies to patient care. To permit the future use of polysulfides for
the treatment of neurodegenerative diseases, it is essential to determine
whether administration of polysulfides modulates local concentrations
of sulfane sulfur species in the central nervous system (CNS).

Glutathione trisulfide (GSSSG) is an endogenous polysulfide
(Fig. 1A), and is in dynamic equilibrium with various reactive sulfur
species including glutathione (GSH), glutathione hydropersulfide
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polysulfides [9,17]. GSSSG may be an important endogenous reservoir
of sulfane sulfur species. The observation that the levels of sulfane sulfur
species vary in patients, depending on the types and severity of diseases,
suggests that sulfane sulfur species may have protective roles in patho-
logical conditions [18,19].

GSH, which is a natural tripeptide of glutamate, cysteine, and
glycine, is ubiquitous and is the most prevalent thiol (RSH) in
mammalian cells. GSH is a nucleophile and acts as a major intracellular
antioxidant in mammalian cells [20]. GSH has been reported to have
neuroprotective effects against ischemia-reperfusion injury [21].
Glutathione disulfide (GSSG) is the oxidized form of GSH, and is pre-
dominantly produced by GSH peroxidase-mediated catalysis or from the
direct reactions of GSH with electrophilic compounds such as radical
species [20]. Both GSH and GSSG can produce post-translational
modification of proteins by “glutathionylation”, which protects pro-
tein cysteines from irreversible oxidation and regulates the structure and
function of a diverse range of proteins [20,22-24].

Pantethine (PTN), a precursor for the synthesis of coenzyme A,
transfers acetyl groups from pyruvate to oxaloacetate, initiating the
tricarboxylic acid cycle [25]. Preclinical studies suggested beneficial
effects of PTN in mouse models of neurodegenerative diseases [26,27].
Pantethine trisulfide (PTN-SSS), a novel polysulfide, consists of one
molecule of sulfane sulfur and one molecule of PTN (Fig. 1B).

The current study was designed to investigate the neuroprotective
effects and pharmacokinetics of intranasal administration of poly-
sulfides in a well-established mouse model of spinal cord ischemia. In
this mouse model, neurodegeneration predominantly occurs in the
ventral horn of lumbar spinal cord 24-48 h after reperfusion [6,28,29].
We anticipate that intranasal administration of polysulfides will pref-
erentially increase levels of polysulfides in the CNS [30-32]. Accord-
ingly, we hypothesized that CNS-targeted, intranasal administration of
polysulfides will prevent neurodegeneration in the lumbar spinal cord
by increasing the local concentration of sulfane sulfur species and will
rescue mice from delayed paraplegia. Here, we report that, when
delivered after reperfusion, GSSSG and PTN-SSS prevented delayed
paraplegia after SCI. The neuroprotective effect of GSSSG was associated

Fig. 1. Chemical structures of polysulfides A.
Chemical structures of GSSSG and GSH. One molecule
of GSSSG consists of one molecule of sulfane sulfur
(arrow) and two molecules of GSH. B. Chemical
structures of PTN-SSS and PTN. One molecule of PTN-
SSS consists of one molecule of sulfane sulfur (arrow)
and one molecule of PTN.

Abbreviations: GSH, glutathione; GSSSG, glutathione
trisulfide; PTN, pantethine; PTN-SSS, pantethine
trisulfide.
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with increased local sulfane sulfur concentration in the lumbar spinal
cord.

2. Materials and methods
2.1. Materials

A stable form of GSSSG dihydrate was synthesized and provided by
Kyowa Hakko Bio Co., Ltd. (Tokyo, Japan). GSSSG was suspended in
distilled water and dissolved by titrating the pH to between 4.8 and 5.0
with sodium bicarbonate (Sigma-Aldrich, Saint Louis, MO, USA). To
avoid degradation of the compound, a fresh GSSSG solution was pre-
pared immediately before each experiment. GSH (Sigma-Aldrich, Saint
Louis, MO, USA) and GSSG hexahydrate (provided by Kyowa Hakko Bio
Co., Ltd.) were dissolved in distilled water. In the GSSSG study, the
vehicle alone was distilled water, with pH adjusted to between 4.8 and
5.0 with hydrochloric acid.

PTN-SSS was synthesized and provided by Kyowa Hakko Bio Co.,
Ltd. The purity of PTN-SSS is 96.3%, and PTN-SSS is highly water sol-
uble (>50 g/L). PTN-SSS and PTN (Toronto Research Chemicals, Tor-
onto, ON, Canada) were suspended in distilled water. PTN-SSS is stable
in solution at pH 4.0-9.0 at room temperature for at least 4 days. In the
PTN-SSS study, distilled water was used as the vehicle alone.

2.2. In vivo studies

2.2.1. Animals

All animal procedures were performed in accordance with protocols
approved by Massachusetts General Hospital Institutional Animal Care
and Use Committee and National Research Council’s “Guide for the Care
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and Use of Laboratory Animals”. The study design and the description of
experiments followed the ARRIVE guidelines. Adult C57BL/6J mice
(12-18 weeks old) of both sexes were purchased from Jackson Labora-
tory (Bar Harbor, ME, USA). Both male and female mice were used in
experiments to investigate the neuroprotective effect of GSSSG on motor
function after SCI. Because the neuroprotective effects of GSSSG
appeared to be independent of sex, subsequent in vivo experiments were
performed in male mice only. All mice were housed in a temperature and
humidity-controlled room in the animal center with a 12-h light/dark
cycle, and were provided with food and water ab libitum. To permit
access by mice that were recovering from surgery, additional food pel-
lets were inserted into hydrated gel placed on the bedding. A random-
ized paired design was used to minimize the variability between each
treatment group. Mice were paired based on weight, age, delivery dates,
and when possible, holding cages. After the pairing, mice were randomly
assigned to different treatments.

2.2.2. Surgery to induce spinal cord ischemia and administration of study
drugs

The surgical procedures to produce delayed paraplegia in mice were
performed as previously described [6] (Fig. 2A). Mice were anesthetized
with 5% isoflurane in 100% O5 and tracheally intubated with a 20-gauge
catheter (Angiocath; Becton Dickinson, Franklin Lakes, NJ, USA). Mice
were mechanically ventilated (MiniVent model 845; Harvard Apparatus,
Holliston, MA, USA) and anesthesia was maintained with 2% isoflurane
in 100% O, with tidal volume 8 pl/g. The paravertebral muscle tem-
perature was measured using a T-type implantable thermocouple probe
(IT-18) and a T-type pod (ADInstruments, Colorado Springs, CO, USA).
After a skin incision was made on the back, the tip of the probe was
placed at the level of L1-L3 using an 18-gauge needle and the
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Fig. 2. A mouse model of spinal cord ischemia-reperfusion injury to investigate the neuroprotective effects of polysulfide. A. A schematic diagram of time
course of surgical procedure to produce delayed paraplegia. SCI was induced by clamping the distal aortic arch and the left subclavian artery. B. The protocol for
intranasal administration of study drugs after the surgical procedure and restoration of perfusion. The intranasal administration of study drugs was conducted under
3% isoflurane at 0, 8, 23, and 32 h after surgery. BMS was measured at 0, 8, 24, 48, and 72 h after surgery to evaluate the hindlimb motor function.
Abbreviations: BMS, Basso mouse scale for locomotion; PEEP, positive end-expiratory pressure; RR, respiratory rate; SCI, spinal cord ischemia; TV, tidal volume.
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temperature was maintained at 37.5 + 0.5 °C using a heating pad and
DC temperature controller (FHC, Bowdoin, ME, USA). A median ster-
notomy extended from the apex of the manubrium to the second rib. The
aortic arch was gently isolated between the left common carotid artery
(LCCA) and the left subclavian artery (LSA), avoiding the vagus nerve
and the left recurrent laryngeal nerve. A first clip (straight micro clip,
RS-5424; Roboz Surgical Instrument Company, Inc., Gaithersburg, MD,
USA) was placed on the aortic arch between the LCCA and LSA, and
then, within 15 s, a second clip (45° angle micro clip, RS-5435; Roboz
Surgical Instrument Company, Inc., Gaithersburg, MD, USA) was placed
on the origin of the LSA. After ischemia, the clips were removed in
reverse order. Incisions were closed in layers and mechanical ventilation
was discontinued. After stable spontaneous respiration was confirmed,
mice were extubated.

The previously described surgical procedures [6] were modified as
follows. The respiratory rate during the procedure was increased to 230
breaths/minute, because hyperventilation promotes the occurrence of
delayed paraplegia caused by spinal cord ischemia [33]. A laser Doppler
perfusion monitor (moorVMS-LDF1; Moor Instruments, Millwey, UK)
was used to monitor the femoral artery blood flow [28,29]. A plastic
fiber (POF500; Moor Instruments, Millwey, UK) was affixed perpen-
dicular to the left femoral artery, to confirm that occlusion of aorta
resulted in an immediate and sustained reduction (>90%) in the femoral
artery blood flow [28,29]. To improve the accuracy of surgical pro-
cedures, a microscope (Leica MZ95; Leica Microsystems, Buffalo Grove,
IL, USA) was used to isolate the aortic arch and place the clips. Based on
the results of pilot studies, we selected the ischemic time which induced
delayed paraplegia in all mice (3 min for male mice, 3.5 min for female
mice) with the lowest mortality rate at 72 h after surgery (Table S1).

Study drugs were administered intranasally using a single-channel
pipettor. Mice were anesthetized with 3% isoflurane using a non-
rebreathing circuit with a mouse nose cone (VetEquip, Inc., Liver-
more, CA, USA). While the drugs were administered, the nose cone was
removed and mice were allowed to breathe air. Approximately 6 pL of
each drug was administered into the mouse’s nostrils and the mouse
inhaled the droplets during inspiration. This procedure was repeated at
intervals until the total volume of drug was administered, which took
approximately 10 min. The interruption time of isoflurane administra-
tion for each intranasal dose was about 10 s. The intranasal drugs were
administered 0, 8, 23, and 32 h after surgery (Fig. 2B). In the sham
procedure group, the surgical procedures described above were con-
ducted, but the aorta was not cross-clamped.

For pain control, 0.1 mg/kg of buprenorphine was administered
intraperitoneally before surgery and every 12 h until 60 h after surgery.
We also administered 0.5 mg/kg of 0.25% bupivacaine subcutaneously
around the wound incision site immediately after surgery.

2.2.3. Assessment of motor function after spinal cord ischemia

The hindlimb motor function was quantified using the Basso mouse
scale for locomotion (BMS) [34] at 0, 8, 24, 48, and 72 h after surgery
(Fig. 2B). This score ranges from O for complete paraplegia to 9 for
normal motor function. A BMS score < 6 (0-5) indicates paraplegia or
paraparesis, whereas a BMS score > 6 (6-9) indicates that mice are able
to walk.

2.2.4. Studies to investigate the neuroprotective effect of post-perfusion
treatment with GSSSG on motor function after spinal cord ischemia

Mice were randomly assigned to each treatment group and the
investigator who performed the surgical procedure was blinded to the
group assignment. Based on pilot studies, 50 mg/kg of GSSSG, 45.2 mg/
kg of GSH (twice the molar amount of GSSSG because one molecule of
GSSSG contains two molecules of GSH) (Fig. 1A), or 53 mg/kg of GSSG
(an equimolar dose of GSSSG) was administered.

2.2.5. Histological studies
The lumbar enlargement of the spinal cord was removed 48 h after

Redox Biology 60 (2023) 102620

surgery and sectioned to 5 pm thickness using a cryotome (CM1850UV;
Leica Biosystems, Heidelberger, Germany). Nissl staining was conducted
using the Nissl stain kit (VitroVivo Biotech, Rockville, MD, USA) ac-
cording to the protocol recommended by the manufacturer. Inmuno-
histochemical staining for ionized calcium-binding adaptor molecule 1
(Iba-1) and cleaved caspase-3 was performed as previously described [6,
15]. The stained sections were examined using an epifluorescence mi-
croscope (Nikon Eclipse 80i; Nikon Instruments, Inc., Melville, NY,
USA).

The number of stained cells was counted in one field (0.26 mm?)
under high magnification (200 x) in 3 different sections of spinal cord
from each mouse by an investigator who was blinded to the identity of
the samples. The average number of stained cells was calculated for each
mouse. For quantitative analysis of Iba-1 staining, the Iba-1-positive
area per one field (0.26 mm?) under high magnification (200 x) in 3
different ventral horn sections for each mouse was calculated using the
ImageJ image-processing program (National Institutes of Health,
Bethesda, MD, USA). The mean area of Iba-1 staining in the spinal cords
of mice in the sham procedure group was set to 1 and the relative
amount of Iba-1 staining was determined for each experimental group of
mice. Each group included 5 mice.

2.2.6. Measurements of gene expression

Messenger RNA (mRNA) levels were measured as previously
described [15] using lumbar spinal cords at 48 h after surgery. The
mRNA levels of C-C motif chemokine 2 (CCL2), C-X-C motif chemokine
ligand 1 (CXCL1), interleukin (IL)-1B, IL-6, tumor necrosis factor
(TNF)-a, B-cell lymphoma 2 (Bcl-2), B-cell lymphoma-extra large
(Bcl-XL), cystathionine beta synthase, cystathionine gamma lyase,
3-mercaptopyruvate sulfurtransferase, sulfide:quinone oxidoreductase
(SQOR), ethylmaronic encephalopathy 1, thiosulfate sulfurtransferase,
sulfite oxidase, cysteinyl-tRNA synthetase 1, and cysteinyl-tRNA syn-
thetase 2 were standardized to the level of 18S ribosomal RNA using
quantitative real-time polymerase chain reaction (7500 Fast Real-Time
PCR System, Thermo Fisher Scientific, Waltham, MA, USA). Primer se-
quences are listed in Table S2.

2.2.7. Liquid chromatography-tandem mass spectrometry (LC-MS/MS)
analysis

We used LC-MS/MS analysis to measure the amount of 3*S-labeled
GSSSG ([3282, 34S]GSSSG) in the CNS and plasma after intranasal
administration of GS>4SSG, an isotope of endogenous GSSSG [9,35,36].
The ratios of 34S-labeled sulfane sulfur species ([328, 34S]GSSH, [328,
3451 cysteine hydropersulfide (CysSSH), and [3252, 34S]cysteine trisulfide
(CysSSSCys)) to endogenous sulfane sulfur species ([SZSZ]GSSH, [3252]
CysSSH, and [3283]CysSSSCys) were also quantitatively evaluated. At
30 min after intranasal administration of 50 mg/kg of GS*SSG, blood
was obtained and four different central nervous tissues were harvested:
olfactory bulb and forebrain; brainstem; cervical and thoracic spinal
cord, and lumbar spinal cord. A total of 30 mg of each tissue was ho-
mogenized in 300 pl of ice-cold methanol solution containing 5 mM
p-(4-hydroxyphenylethyl iodoacetamide (HPE-IAM; Santa Cruz
Biotechnology, Dallas, TX, USA). Twenty-five pl of plasma was mixed
with 75 pl of ice-cold methanol solution containing 5 mM HPE-IAM.
Samples were incubated for 20 min at 37 °C in the dark. After centri-
fugation (14,000xg for tissues, 1,870xg for plasma, 10 min, 4 °C), the
supernatant was separated and diluted with 0.1% formic acid for
LC-MS/MS analysis, and the pellet was sonicated to measure the protein
concentration by BCA assay. The amount of [3282, 3451GSSSG was
quantified in selective reaction monitoring (SRM) with precursor ion
(647.14 m/z), product ion (389.1 m/z), and higher energy collisional
dissociation (21 v). The ratios of [325, 34S]GSSH to [3232]GSSH, [325,
345]CysSSH to [328,]CysSSH, and [3%S,, 3%S]CysSSSCys to [32Ss]
CysSSSCys were calculated from their peak area measured by Dionex
UltiMate 3000 RS UPLC-Orbitrap Exploris 480 mass spectrometer
(Thermo Fisher Scientific, Waltham, MA, USA). In brief, samples were
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subjected to the UPLC system with a Hypersil Gold C-18 (100 x 2.1 mm,
3.0 pm, Thermo Fisher Scientific, Waltham, MA, USA) column and were
then eluted by a linear methanol gradient of the mobile phase (0-90%,
15 min) in the presence of 0.1% formic acid at a flow rate of 0.2 ml/min
at 40 °C. The raw data were analyzed by Compound Discoverer 3.3
software (Thermo Fisher Scientific, Waltham, MA, USA). The molecular
weights of these sulfane sulfur species combined with HPE-IAM were
determined based on previous reports [9,11,37].

2.2.8. Measurements of relative sulfane sulfur levels in lumbar spinal cords
after spinal cord ischemia

Lumbar spinal cords were harvested 48 h after surgery and snap-
frozen in liquid nitrogen. Spinal cords were subsequently homoge-
nized in Hanks’ balanced salt solution (HBSS; Thermo Fisher Scientific,
Waltham, MA, USA) containing SSip-1 (5 pM), incubated at room tem-
perature in the dark for 20 min, and then subjected to centrifugation.
SSip-1 was synthesized and provided by the Hanaoka laboratory [38].
The fluorescence intensities of supernatants were measured using a
microplate reader (SpectraMax M5; Molecular Devices, San Jose, CA,
USA) at the wavelength of Aex/Aem = 491 nm/525 nm. The fluorescence
intensities were normalized to the weights of the spinal cord.

2.2.9. Measurements of relative sulfane sulfur levels in olfactory bulb and
forebrain, and whole spinal cord after intranasal administration of PTN-SSS

At 30 min after intranasal administration of 50 mg/kg of PTN-SSS,
the olfactory bulb and forebrain and the whole spinal cord were har-
vested. Tissues were homogenized in HBSS containing 10 pM of SSip-1.
The fluorescence intensities of supernatants were measured.

2.3. Invitro studies

2.3.1. Murine primary cortical neuron culture

Primary cortical neurons were isolated from the cerebral cortices of
C57BL/6J mice of both sexes at embryonic day 15, as previously
described [39]. Primary cortical neurons were maintained at 37 °C in a
humidified tissue culture chamber with 5% CO5 and cells were used on
day 11 after harvest.

2.3.2. Measurements of relative sulfane sulfur levels in primary cortical
neurons or SH-SY5Y cells after incubation with polysulfides

Primary cortical neurons or SH-SY5Y cells, a human neuroblastoma
cell line (American Type Culture Collection, Manassas, VA, USA), were
incubated with SSip-1 DA (5 pM) [38] at 37 °C for 20 min in the dark.
Cells were washed with pre-warmed HBSS containing calcium and
magnesium (Thermo Fisher Scientific, Waltham, MA, USA) and then
cells were incubated with GSSSG, sodium trisulfide (NaySs; Dojindo
Molecular Technologies, Inc., Rockville, MD, USA), PTN-SSS, or vehicle
alone for 20 min at 37 °C in the dark. Fluorescence intensities were
measured using a microplate reader.

2.3.3. Effect of polysulfides on cell viability after oxygen and glucose
deprivation/reoxygenation (OGD/R)

After primary cortical neurons or SH-SY5Y cells were subjected to
2.5 or 15 h of OGD in an incubation chamber (MIC-101; Billups-
Rothenberg, Inc., San Diego, CA, USA), the cells were incubated with
GSSSG, GSH, GSSG, PTN-SSS, or vehicle only, and then subjected to 21-
(primary cortical neurons) or 24- (SH-SY5Y cells) h of reoxygenation, as
previously described [39]. After reoxygenation, cell viability and cell
injury were assessed using crystal violet and lactate dehydrogenase
(LDH) assays, as previously described [39].

2.3.4. Cytotoxic effect of GSSSG on cell viability

Primary cortical neurons were incubated for 21 h with GSSSG at 0
pM (vehicle alone), 10 pM, 30 pM, 60 pM, or 100 pM in a humidified
incubator with 95% air and 5% CO; at 37 °C. Cell viability was assessed
using the LDH assay.
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2.3.5. Cytotoxic effect of PTN-SSS on cell viability

SH-SY5Y cells were incubated for 24 h with PTN-SSS at 0 pM (vehicle
alone), 5 pM, 10 pM, 25 pM, 50 pM, or 100 pM in a humidified incubator
with 95% air and 5% CO» at 37 °C. Cell viability was assessed using the
crystal violet assay.

2.4. Statistical analysis

Data are presented as means with standard deviation (parametric
data) or medians with interquartile range (nonparametric data).
Descriptive statistics were used to describe the study population. We
used Shapiro-Wilk test and Q-Q plots to assess the normality of the data.
Parametric data were analyzed using unpaired t-test to compare two
groups, and one-way analysis of variance (ANOVA) with Tukey’s mul-
tiple comparison test or Dunnett’s multiple comparison test to compare
three or more groups. Non-parametric data were analyzed using Mann-
Whitney test to compare two groups, and Kruskal-Wallis test with
Dunn’s multiple comparisons test to compare three or more groups. The
significance was considered at the level of P < 0.05. Statistical analyses
were conducted using GraphPad Prism 9.2.0 (GraphPad Software Inc.,
San Diego, CA, USA).

The sample size calculation of the experiment to compare the BMS
scores at 72 h after surgery between GSSSG, GSH, and vehicle alone
groups was conducted using F test for the fixed effects one-way ANOVA
(G*Power 3.1; Heinrich-Heine-Universitat, Diisseldorf, Germany) [40].
We presumed that 11 mice for male mice and 8 mice for female mice per
group would be required based on our pilot studies for this experiment
(00 =0.05, p =0.1 [Power = 0.9], effect size f = 0.7022756 for male mice
and f = 0.8709832 for female mice, number of groups = 3). The sample
size calculation of the experiment to compare the BMS scores at 72 h
after surgery between PTN-SSS, PTN, and vehicle alone groups was
conducted using F test for the fixed effects one-way ANOVA. We pre-
sumed that 9 mice per group would be required based on our pilot
studies for this experiment (a = 0.05, p = 0.1 [Power = 0.9], effect size f
= 0.7747206, number of groups = 3).

3. Results

3.1. Intranasal administration of GSSSG rescued mice from delayed
paraplegia after transient spinal cord ischemia

To investigate whether polysulfides can prevent delayed paraplegia,
mice were subjected to SCI and were treated with GSSSG, GSH, or
vehicle alone 0, 8, 23, and 32 h after surgery. Thirty-six male mice were
subjected to SCI; however, three of these mice were excluded from
further study because a greater than 90% reduction in the femoral artery
blood flow was not achieved. The remaining 33 male mice received one
of three treatments: GSSSG (n = 11), GSH (n = 11), or vehicle alone (n =
11). The hindlimb motor function was quantified using the Basso mouse
scale for locomotion (BMS), which evaluates hindlimb movement,
forelimb-hindlimb coordination, and trunk stability. As previously
described by Kakinohana and colleagues, if the neurologic deficit (BMS
< 6) occurred after a period during which a mouse was able to walk
(BMS 2 6), then the mouse was considered to have delayed paraplegia
[6].

Beginning approximately 36 h after surgery, the hindlimb motor
function of mice treated with vehicle alone gradually worsened and all
of the mice treated with vehicle alone developed paraplegia by 48 h after
surgery (Fig. 3). In contrast, intranasal administration of GSSSG pre-
vented the development of delayed paraplegia in 8 of 11 mice (73%)
and, compared to vehicle alone, improved the BMS score at 72 h after
surgery (GSSSG vs vehicle alone, BMS; 9 [4-9] vs 0 [0-0]; P < 0.0001 by
Kruskal-Wallis test with Dunn’s multiple comparisons test, Fig. 3).
Intranasal administration of GSH also prevented delayed paraplegia in 3
of 11 mice (27%), but did not improve the BMS score at 72 h after
surgery (GSH vs vehicle alone, BMS; 1 [0-7] vs 0 [0-0]; P = 0.0914,
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Fig. 3. Post-reperfusion treatment with GSSSG
prevented paraplegia after spinal cord ischemia in
male and female mice. Changes in BMS scores for 72
h after SCI in male and female mice subjected to a
sham surgical procedure, or SCI and treated with
GSSSG, GSH, or vehicle alone. n = 11 for each of the
GSSSG, GSH, and vehicle alone treatments in the male

Paraplegia Paraplegia 1 ouse cohort, and n = 8 for each of the GSSSG, GSH,
9 (0/5) 94 and vehicle alone treatments in the female mouse
cohort. n = 5 mice for the sham surgical group. Data
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Fig. 3). The results show that GSSSG, but not GSH, prevents the devel-
opment of delayed paraplegia after SCI in male mice.

To investigate the effect of sex on the ability of GSSSG to prevent
delayed paraplegia after SCI, 28 female mice were subjected to SCI and
were treated with GSSSG, GSH, or vehicle alone 0, 8, 23, and 32 h after
surgery. Four of the 28 female mice experienced labored breathing
immediately after extubation and were euthanized. The remaining 24
female mice were treated with GSSSG (n = 8), GSH (n = 8), or vehicle
alone (n = 8). Compared to mice treated with vehicle alone, mice that
received intranasal GSSSG had an improved BMS scores at 72 h after
surgery (GSSSG vs vehicle alone, BMS; 6.5 [1.5-9.0] vs 0.0 [0.0-0.0]; P
= 0.0060 by Kruskal-Wallis test with Dunn’s multiple comparisons test,
Fig. 3). In contrast, intranasal administration of GSH did not improve the
BMS scores at 72 h after surgery (GSH vs vehicle alone, BMS; 0.5
[0.0-6.7] vs 0.0 [0.0-0.0]; P = 0.2887, Fig. 3). These results show that
GSSSG, but not GSH, is able to prevent delayed paraplegia after SCI in
both sexes.

GSSG can react with thiols in proteins by glutathionylation (PSH +
GSSG 2 PSSG + GSH) [23]. GSSSG potentially can also react with thiols
in proteins by the same process [41]. To investigate whether the bene-
ficial effects of GSSSG are related to glutathionylation, we compared the
effects of intranasal administration of GSSSG or GSSG on outcomes after
SCI in male mice. Intranasal administration of GSSSG rescued 5 out of 6
male mice (83%) from delayed paraplegia; in contrast, intranasal
administration of GSSG did not rescue any male mouse from delayed
paraplegia (0%). The BMS score at 72 h after surgery in the GSSSG group
was significantly higher than that in the GSSG group (GSSSG vs GSSG,
BMS; 8.0 [5.2-9.0] vs 0.0 [0.0-0.0]; P = 0.0152 by Mann Whitney test,
Fig. S1). Because GSSSG potentially can mediate glutathionylation of
target proteins by the same process as GSSG, but only GSSSG protects
against delayed paraplegia, the results suggest that the neuroprotective
effects of GSSSG are not a result of glutathionylation.

3.2. Intranasal administration of GSSSG decreased neurodegeneration
and microglial- and caspase-3- activation after spinal cord ischemia in
lumbar spinal cords

Spinal cord ischemia is associated with degenerative changes in
neurons in the ventral horn of the lumbar spinal cord and the viability of
affected neurons can be assessed using Nissl staining [6]. Nissl stain
detects Nissl bodies in the cytoplasm of neurons and the presence of this
purple, cytoplasmic staining is an indicator of neuronal integrity [6,42].
To investigate the effects of GSSSG on neurodegeneration, GSSSG or
vehicle alone was administered 0, 8, 23, and 32 h after surgery. Lumbar
spinal cords were harvested 48 h after surgery, fixed, sectioned, and
incubated with Nissl stain. Compared to mice undergoing a sham sur-
gical procedure, spinal cord ischemia was associated with a marked

decrease in neurons that were positive for Nissl stain, suggesting that the
majority of cells were not viable (Fig. 4). Compared to mice that un-
derwent SCI and were treated with vehicle alone, intranasal adminis-
tration of GSSSG was associated with a significant increase in the
number of viable neurons (Fig. 4).

Previous studies showed that increased microglial activation in the
ventral horn of the lumbar spinal cord parallels the onset of delayed
paraplegia after SCI [6,29], and inhibition of microglial activation at-
tenuates neuronal injury and prevents the development of delayed
paraplegia after SCI [43]. Increased expression of Ionized
calcium-binding adapter molecule 1 (Iba-1) is a sensitive marker for
activation of microglia [44]. To explore the mechanisms by which
GSSSG prevents neurodegeneration, mice were subjected to SCI and
treated with GSSSG or vehicle alone. Sections were prepared from the
lumbar spinal cord and were stained for Iba-1. Compared to the staining
of the spinal cord obtained from mice 48 h after a sham operation, the
staining of the spinal cord from mice that were subjected to SCI had a
markedly increased relative area of Iba-1-positive staining (Fig. 5A and
B). The results indicate that SCI is associated with increased activation of
microglia. In contrast, mice that underwent SCI and were treated with
intranasal GSSSG had a significant reduction in staining for Iba-1,
indicating decreased microglial activation (Fig. 5A and B).

Previous investigators showed that activation of caspase-3 is a cen-
tral component of the neurodegeneration that occurs in the ventral horn
of the lumbar spinal cord after SCI [6]. Immunohistochemical staining
for cleaved caspase-3 was used to investigate whether attenuation of
caspase-3 activation may be a mechanism by which GSSSG prevents
neurodegeneration after SCI. Compared to spinal cords from mice 48 h
after a sham operation, the lumbar spinal cords from mice that were
subjected to SCI had an increased number of cleaved caspase-3-positive
neurons in the ventral horns (Fig. 5C and D). Intranasal administration
of GSSSG prevented the SCI-induced increase in the number of cleaved
caspase-3-positive neurons in lumbar spinal cord (Fig. 5C and D). These
results suggest that the intranasal administration of GSSSG prevents
neurodegeneration in the ventral horn of the lumbar spinal cord and is
associated with decreased microglial activation and attenuation of
caspase-3 activation.

3.3. Intranasal administration of GSSSG attenuated upregulation of pro-
inflammatory cytokines after spinal cord ischemia

Previous studies showed that a marked increase in pro-inflammatory
cytokines produced by activated microglia precedes the onset of delayed
paraplegia after SCI [15,29]. Inhibition of microglial activation sup-
presses the upregulation of pro-inflammatory cytokines and prevents the
development of delayed paraplegia after SCI [43]. To further assess the
effect of GSSSG on pro-inflammatory cytokines induced by SCI, we
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Fig. 4. Post-reperfusion treatment with GSSSG
Sham SCl/Vehicle SCI/GSSSG prevented loss of motoneurons in lumbar spinal
cord at 48 h after spinal cord ischemia. A. Repre-
sentative photomicrographs of Nissl-stained lumbar
spinal cord cross-sections from mice subjected to a
sham surgical procedure, or SCI and treated with
GSSSG or vehicle alone. An enlargement of the boxed
regions is provided below each cross-section. Scale
20 bar = 200 pm in low magnification images (40 x) and
100 pm in high magnification images (200 x). B.
Number of viable neurons per one field (0.26 mm?)
under high magnification (200 x) in the ventral horns
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Fig. 5. Post-reperfusion treatment with GSSSG prevented microglial activation and caspase-3 activation in lumbar spinal cord at 48 h after spinal cord
ischemia. A. Lumbar spinal cords were obtained from mice subjected to a sham surgical procedure, or SCI and treated with GSSSG or vehicle alone. Representative
photomicrographs of lumbar spinal cord cross-sections stained with anti-Iba-1 antiserum are shown. An enlargement of the boxed regions is provided below each
cross-section. Scale bar = 200 pm in low magnification images (40 x) and 100 pm in high magnification images (200 x). B. Iba-1-positive area per one field (0.26
mm?) under high magnification (200 x) in the ventral horns of lumbar spinal cord sections from mice subjected to a sham surgical procedure, or SCI and treated with
GSSSG or vehicle alone. Comparisons were made using one-way ANOVA with Tukey’s multiple comparison test. The mean value of the Iba-1-positive area in mice in
the sham group was set to 1. n = 5 mice for each group. Data are presented as means with standard deviation. C. Representative photomicrographs of the ventral horn
in lumbar spinal cord cross-sections stained with antibodies that recognize cleaved caspase-3. Scale bar = 100 pm. D. Number of neurons with positive cleaved
caspase-3 immunoreactivity per one field (0.26 mm?) under high magnification (200 x) in the ventral horn of lumbar spinal cord sections. Comparisons were made
using Kruskal-Wallis test with Dunn’s multiple comparisons test. n = 5 mice for each group. Data are presented as medians with an interquartile range.
Abbreviations: GSSSG, glutathione trisulfide; Iba-1, ionized calcium binding adaptor molecule 1; LSC, lumbar spinal cord; SCI, spinal cord ischemia.

measured the levels of mRNA encoding CCL2, CXCL1, IL-1p, IL-6, and levels of mRNAs encoding cytokines associated with inflammation. In

TNF-a in lumbar spinal cords from mice that were subjected to SCI and contrast, GSSSG attenuated the upregulation of mRNA encoding
treated with GSSSG or vehicle alone. Lumbar spinal cords were har- pro-inflammatory cytokines 48 h after surgery (Fig. 6). The intranasal
vested 48 h after surgery. Compared to mice that underwent a sham administration of GSSSG also decreased the level of mRNA encoding
operation, mice that were subjected to SCI had a marked increase in the SQOR, an enzyme that oxidizes sulfides to persulfides. GSSSG had no
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Fig. 6. Post-reperfusion treatment with GSSSG inhibited upregulation of inflammatory mediators in lumbar spinal cord at 48 h after spinal cord ischemia.
Mice underwent a sham surgical procedure or SCI followed by intranasal administration of GSSSG or vehicle alone. Lumbar spinal cords were harvested and the
mRNA levels for each gene were normalized to 18S ribosomal RNA. The mean value of lumbar spinal cord mRNA levels in mice in the sham group was set to 1. n =
4-5 mice for each group. *P < 0.05, **P < 0.01 vs Sham. Data are presented as medians with interquartile range for CCL2, CXCL1, IL-1p, IL-6, and TNF-q, and as
means with standard deviation for Bcl-2 and Bcl-XL.

Abbreviations: Bcl-2, B-cell lymphoma 2; Bcl-XL, B-cell lymphoma-extra large; CCL2, C-C motif chemokine 2; CXCL1, C-X-C motif chemokine ligand 1; GSSSG,
glutathione trisulfide; IL, interleukin; mRNA, messenger RNA; SCI, spinal cord ischemia; TNF-q, tumor necrosis factor-a.

effect on mRNA levels encoding other enzymes that synthesize or
metabolize sulfides or persulfides (Fig. S2). There was no significant
difference between vehicle alone and GSSSG treatment groups in mRNA

levels of anti-apoptotic genes including Bcl-2 and Bel-XL (Fig. 6). These
results suggest that the beneficial effects of GSSSG may be mediated by
inhibition of pro-inflammatory cytokines.
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Fig. 7. Intranasal administration of GS3*SSG increased levels of 3*S-labeled GSSSG and ratios of 3S-labeled sulfane sulfur species to endogenous sulfane
sulfur species in CNS. A. Amount of 345 labeled GSSSG detected in OB + FB, BS, C + ThSC, and LSC at 30 min after intranasal administration of 50 mg/kg of
GS34SSG. n = 4 mice for OB + FB, BS, and C + ThSC. n = 3 mice for LSC. Data are presented as means with standard deviation. B. Ratios of [328, 3431GSSH to [3252]
GSSH, [325, 345]1CysSSH to [328,]1CysSSH, and [32S,, 345]CysSSSCys to [3253]CysSSSCys in OB + FB, BS, C + ThSC, and LSC at 30 min after intranasal administration
of 50 mg/kg of GS>*SSG. n = 4 mice for each organ. Data are presented as means with standard deviation for the ratios of [325, 34S]1GSSH to [3232] GSSH and [3282,
34S]CysSSSCys to [3253]CysSSSCys, and as medians with interquartile range for the ratio of [3%s, 34s] CysSSH to [3252]CysSSH.

Abbreviations: BS, brainstem; CNS, central nervous system; C + ThSC, cervical and thoracic spinal cord; CysSSH, cysteine hydropersulfide; CysSSSCys, cysteine
trisulfide; GSSH, glutathione hydropersulfide; GSSSG, glutathione trisulfide; LC-MS/MS, Liquid chromatography-tandem mass spectrometry; LSC, lumbar spinal cord;
OB + FB, olfactory bulb and forebrain.
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3.4. 34S-labeled GSSSG reached the spinal cord shortly after intranasal
administration and was metabolized to other sulfane sulfur species

To study the pharmacokinetics of intranasally-administered GSSSG,
we used 34S-labeled GSSSG to investigate the distribution of GSSSG and
its metabolites (GSSH, CysSSH, and CysSSSCys) in the CNS after intra-
nasal administration. Thirty minutes after intranasal administration of
GS34SSG, LC-MS/MS was used to measure the amount of [2S,, 34S]
GSSSG, and to determine the ratios of 34S-labeled sulfane sulfur species
to endogenous sulfane sulfur species, in brain, spinal cord, and plasma.
[3252, 3431GSSSG was detected in olfactory bulb and forebrain (128 +
67 pmol/mg protein), brainstem (226 + 101 pmol/mg protein), cervical
and thoracic spinal cord (414 + 98 pmol/mg protein), and lumbar spinal
cord (317 + 111 pmol/mg protein) (Fig. 7A). In addition, [3232, 34S]
GSSSG was detected in plasma at a concentration of 25 + 10 nM. The
ratios of [3%S, 3*S]GSSH to [32S,]GSSH, [32S, 34S]CysSSH to [32S,]
CysSSH, and [32S,, 3*S]CysSSSCys to [3253]CysSSSCys in brain and
spinal cord were 6.5 + 2.8, 10.6 [9.8-12.5], and 31.8 + 9.8 respectively
(Fig. 7B). These results show that GSSSG reaches different parts of the
central nervous system, including the spinal cord, within 30 min after
intranasal administration, and is converted to other sulfane sulfur
species.

3.5. Intranasal administration of GSSSG increased sulfane sulfur levels in
lumbar spinal cords after spinal cord ischemia

GSSSG protects the lumbar spinal cord from neurodegeneration 48 h
after SCI. To investigate whether increased levels of sulfane sulfur in the
lumbar spinal cord might contribute to the neuroprotective effect, we
measured the change in sulfane sulfur levels 48 h after SCI. Compared to
mice that underwent a sham operation, SCI followed by treatment with
vehicle alone did not alter sulfane sulfur levels in the lumbar spinal
cords (sham operation vs SCI followed by vehicle alone; 1.00 £ 0.30 vs
0.56 + 0.13; P = 0.0870 by one-way ANOVA with Dunnett’s multiple
comparison test, Fig. 8A). In contrast, the levels of sulfane sulfur in the
lumbar spinal cord in mice that underwent SCI and received intranasal
administration of GSSSG were greater than those in mice that underwent
SCI and received vehicle alone (SCI followed by GSSSG vs vehicle alone;
1.37 4+ 0.50 vs 0.56 + 0.13; P = 0.0023, Fig. 8A). These results suggest
that the beneficial effects of GSSSG in preventing delayed paraplegia are
associated with increased sulfane sulfur levels in lumbar spinal cords.

3.6. Effects of GSSSG on primary cortical neurons

To determine whether polysulfides increase sulfane sulfur levels
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within neurons, we measured relative sulfane sulfur levels in primary
cortical neurons using SSip-1 DA, in the presence and absence of poly-
sulfides. SSip-1 DA is a fluorescent probe that can be used to measure the
concentration of sulfane sulfur inside cells [38]. Relative to untreated
primary cortical neurons, neurons that were incubated with GSSSG or
NayS3 had increased levels of intracellular sulfane sulfur (Fig. 8B).

In vivo studies showed that GSSSG can prevent neurodegeneration
after SCIL. To determine whether GSSSG can protect neurons from similar
injury in vitro, primary cells were incubated with GSSSG after oxygen
and glucose deprivation/reoxygenation (OGD/R). Cell viability was
assessed using crystal violet and lactate dehydrogenase (LDH) assays, as
previously described [39]. Crystal violet dye stains DNA and protein in
cells and confirms that the cells are alive and able to maintain attach-
ment to tissue culture plates despite OGD/R. The LDH assay measures
the level of lactate dehydrogenase in tissue culture medium and is an
indirect measure of plasma membrane damage. Compared to control
cells, treatment with OGD/R was associated with a marked decrease in
the number of live, adherent cells (Fig. 9A) and with a marked increase
in the concentration of LDH in the tissue culture medium (Fig. 9B).
Compared to vehicle-only treated cells, GSSSG at 30 pM increased cell
viability as measured by the crystal violet assay (Fig. 9A), and GSSSG at
30 pM or 60 pM decreased release of LDH after OGD/R (Fig. 9B). A
higher dose of GSSSG (100 pM) per se increased LDH levels in the tissue
culture medium (Fig. S3) and failed to improve cell survival after
OGD/R. These results show that GSSSG dose-dependently protects
neurons from the effects of OGD/R.

In vivo studies showed that GSSSG, but not GSH or GSSG, prevents
the development of delayed paraplegia after SCI, and suggested that the
neuroprotective effects of GSSSG are derived from sulfane sulfur. To
determine whether the neuroprotective effects of GSSSG on primary
cultured neurons are derived from sulfane sulfur, we tested the ability of
GSSSG, GSH, and GSSG to protect the neurons from OGD/R. Compared
to vehicle-only treated cells, GSSSG at 30 uM improved cell viability
after OGD/R (Fig. 9C). In contrast, GSH at 60 pM and GSSG at 30 pM did
not improve cell viability after OGD/R (Fig. 9C). These results suggest
that the neuroprotective effects of GSSSG are derived from sulfane
sulfur.

3.7. Effects of PTN-SSS on SH-SY5Y cells

We used in vitro studies to show that GSSSG protects neurons after
OGD/R, and to suggest that the neuroprotective effects of GSSSG are
derived from sulfane sulfur. To investigate whether other polysulfides
are cytoprotective after OGD/R, we examined the effect of PTN-SSS,
another polysulfide, on the viability of SH-SY5Y cells after OGD/R. As
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Fig. 9. GSSSG, but not GSH or GSSG, improved cell viability after oxygen and glucose deprivation/reoxygenation. A. Cell viability assessed by crystal violet
assay after OGD/R when primary cortical neurons were incubated with GSSSG at various doses. Comparisons were made using one-way ANOVA with Dunnett’s
multiple comparison test. n = 10 for each group. Data are presented as means with standard deviation. B. Cell viability assessed by LDH assay after OGD/R when
primary cortical neurons were incubated with GSSSG at various doses. Comparisons were made using one-way ANOVA with Dunnett’s multiple comparison test. n =
10 for each group. Data are presented as means with standard deviation. C. The cell viability after OGD/R was assessed by crystal violet assay when primary cortical
neurons were incubated with GSSSG at 30 pM, GSH at 60 uM, GSSG at 30 pM, or vehicle alone. Comparisons were made using Kruskal-Wallis test with Dunn’s
multiple comparisons test. n = 10 for each group. Data are presented as medians with an interquartile range.

Abbreviations: CV, crystal violet; GSH, glutathione; GSSG, glutathione disulfide; GSSSG, glutathione trisulfide; LDH, lactate dehydrogenase; OGD/R, oxygen and

glucose deprivation/reoxygenation.

with primary cortical neurons, treatment with OGD/R reduced the
viability of SH-SY5Y cells. Compared to vehicle-only treated cells, in-
cubation with PTN-SSS at 10 pM, 25 pM, or 50 pM significantly
improved SH-SY5Y viability after OGD/R in a dose-dependent fashion
(Fig. 10A). In contrast, PTN-SSS did not improve cell viability at 100 pM
because of a direct cytotoxic effect of PTN-SSS at high doses (Fig. S4).
These results show that PTN-SSS dose-dependently rescues SH-SY5Y
cells after OGD/R, and support that polysulfides are cytoprotective
after OGD/R.

To determine whether the cytoprotective effects of PTN-SSS are
relative to the amount of intracellular sulfane sulfur, we used SSip-1 DA
to measure sulfane sulfur levels in SH-SY5Y cells after incubation with
PTN-SSS. The level of sulfane sulfur inside SH-SY5Y cells increased with
increasing of concentration of PTN-SSS (Fig. 10B). The ability of SSip-1
DA (5 pM) to measure intracellular sulfane sulfur reached a maximum
with the concentration of PTN-SSS at 100 pM (Fig. 10B). Compared to
vehicle-only treated cells, the sulfane sulfur levels in SH-SY5Y cells
increased significantly at the dose of PTN-SSS (10-50 pM), which
significantly improved cell viability after OGD/R. These results suggest
that the cytoprotective effects of PTN-SSS are relative to the amount of
sulfane sulfur released from PTN-SSS.

3.8. PTN-SSS increased the sulfane sulfur levels in the olfactory bulb and
forebrain, and whole spinal cord shortly after intranasal administration

To study whether PTN-SSS increases sulfane sulfur levels in the
central nervous system shortly after intranasal administration, we
measured sulfane sulfur levels in the olfactory bulb and forebrain and
the whole spinal cord 30 min after intranasal administration of PTN-SSS
using SSip-1. Compared to mice that received intranasal administration
of vehicle alone, intranasal administration of PTN-SSS increased sulfane
sulfur levels in the olfactory bulb and forebrain and the whole spinal
cord (Fig. 10C). These results suggest that PTN-SSS increases sulfane
sulfur levels in the central nervous system within 30 min after intranasal
administration.

3.9. Intranasal administration of PTN-SSS rescued mice from delayed
paraplegia after transient spinal cord ischemia

In vitro studies showed that PTN-SSS is cytoprotective after OGD/R,
and the cytoprotective effects of PTN-SSS are relative to the amount of
sulfane sulfur released from PTN-SSS. As GSSSG prevented the
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development of delayed paraplegia after SCI, and the neuroprotective
effects of GSSSG were associated with sulfane sulfur, we hypothesized
that PTN-SSS could also rescue mice from delayed paraplegia after SCI.
In addition, as with GSSSG, we tested whether the sulfane sulfur in PTN-
SSS, rather than PTN alone, was neuroprotective. Male mice received
intranasal administration of PTN-SSS, PTN, or vehicle alone at 0, 8, 23,
and 32 h after surgery. An equimolar dose of PTN-SSS (50 mg/kg) or
PTN (47.3 mg/kg) was administered. Intranasal administration of PTN-
SSS rescued 6 of 9 male mice (66%) from delayed paraplegia. In
contrast, intranasal administration of PTN did not rescue any male
mouse from delayed paraplegia. The BMS score at 72 h after surgery in
the PTN-SSS group was significantly higher than that in the PTN or
vehicle alone group (PTN-SSS vs PTN, BMS; 7.0 [1.5-9.0] vs 1.0
[0.0-2.0]; P = 0.0323. PTN-SSS vs vehicle alone, BMS; 7.0 [1.5-9.0] vs
1.0 [0.0-1.5]; P = 0.0258, Fig. 10D). These results show that PTN-SSS,
but not PTN, prevents the development of delayed paraplegia after SCI
in mice, indicating that the neuroprotective effects of PTN-SSS are
derived from sulfane sulfur, not PTN.

4. Discussion

In this study, we show that the post-reperfusion intranasal admin-
istration of GSSSG, but not GSH or GSSG, prevented the extensive loss of
viable neurons in the ventral horns of the lumbar spinal cord and
rescued mice from delayed paraplegia after SCI. In primary cortical
neurons, GSSSG, but not GSH or GSSG, improved cell viability after
OGD/R. The beneficial effects of GSSSG were associated with inhibition
of increased levels of inflammatory cytokines and inhibition of micro-
glial- and caspase-3- activation. A marked increase in several 3*S-labeled
sulfane sulfur species was detected in the lumbar spinal cord shortly
after intranasal administration of GS**SSG. Furthermore, we observed
that the protective effects of GSSSG were associated with increased
sulfane sulfur levels in the lumbar spinal cord after intranasal admin-
istration of GSSSG and in primary cortical neurons after incubation with
GSSSG. In addition, incubation of SH-SY5Y cells with PTN-SSS increased
intracellular sulfane sulfur levels and improved cell viability after OGD/
R, and the post-reperfusion intranasal administration of PTN-SSS, but
not PTN, rescued mice from delayed paraplegia after SCI. PTN-SSS
increased sulfane sulfur levels in the central nervous system shortly
after intranasal administration. These observations suggest that sulfane
sulfur can be readily delivered to the central nervous system with
intranasal administration of polysulfides and that this treatment



E. Kanemaru et al. Redox Biology 60 (2023) 102620

A OGDRR B
P=0.9952 T P<0.0001 )
T 1 P<0.
P=0.0481 <0.0001
= 157 . 1 0 7 T pgoo0n I
g P=0.0015 R — .
0 . [} o o
s . =% ¥
55 vod b P=0.0004 238 P=0.0214
23 P=0.9988 oo
> g — S 2
38 R T £1E
© o 054 I 3 20
2 v £ 2
L H 2" n
B 5 2
= = E
0.0+ T T T T T
AN
00 R®) % 2 N
P D o o
& FF L 65_,9
Q« ,\é Q&é &é e’
C D
—e— PTN-SSS 50 mg/kg (n = 9)
P <0.0001 --©-- PTN 47.3 mg/kg (n =9)
<0. .
% 60 K.} 254 P <0.0001 -&+-- Vehicle (n=9)
— o
> —_ > — 1 .
2 9 50 % 2950 M Paraplegia
-~ = 20_
- © “0®
E > E s 2 % °]
S0 > 401 . S22
n 7] » Cp 15+ "
o+ C 28 g [7) T v
cSm Q2 30 FRQ .
SOE S ok =6 sS4 (39
S o 55 107 ]
@S 20 neT 3 R
o 2 o 3.2 = |
2 0 20 54 34 I
5 @109 ) S
: P L L
4 $asa 4 i -z
c ' T 0 ! 0 T T T T T f_ﬂ_ = ( )
& %%% & %%% 0 8 24 48 T2
> ’ > 3 Ti ft h
KON ¥ ime after surgery (hr)
N4 R

Fig. 10. PTN-SSS improved cell viability after OGD/R and prevented delayed paraplegia after SCI as a post-reperfusion treatment. A. Cell viability was
assessed using the crystal violet assay after OGD/R when SH-SY5Y cells were incubated with PTN-SSS at 5 pM, 10 pM, 25 pM, 50 pM, 100 pM, or vehicle alone.
Comparisons were made using one-way ANOVA with Dunnett’s multiple comparison test. n = 12 for control, vehicle alone and PTN-SSS at 5 pM, 10 pM, and 25 pM n
= 6 for PTN-SSS at 50 pM and 100 pM. Data are presented as means with standard deviation. B. Relative sulfane sulfur levels in SH-SY5Y cells after incubation with
PTN-SSS at 5 pM, 10 pM, 50 pM, 100 puM, 300 uM, or vehicle alone. Comparisons were made using one-way ANOVA with Dunnett’s multiple comparison test. n = 6
for each group. Data are presented as means with standard deviation. C. Relative sulfane sulfur levels in the olfactory bulb and forebrain and the whole spinal cord at
30 min after intranasal administration of PTN-SSS. Relative sulfane sulfur levels were estimated using a fluorescent probe, SSip-1. Comparisons were made using
unpaired t-test. n = 5 mice for each group. Data are presented as means with standard deviation. D. Changes of the BMS scores for 72 h after SCI in male mice
subjected to SCI and treated with vehicle alone, PTN, or PTN-SSS. Comparisons were made using the Kruskal-Wallis test with Dunn’s multiple comparisons test. n = 9
mice for each group. Data are presented as means with standard deviation.

Abbreviations: BMS, Basso mouse scale for locomotion; CV, crystal violet; LDH, lactate dehydrogenase; OB + FB, olfactory bulb and forebrain; OGD/R, oxygen and
glucose deprivation/reoxygenation; PTN, pantethine; PTN-SSS, pantethine trisulfide; SCI, spinal cord ischemia.

prevents delayed neurodegeneration in the lumbar spinal cord, miti- ameliorates neuronal cell death after brain ischemia-reperfusion [21,
gating delayed paraplegia. The results of this study underscore the 47]. Because GSH is a metabolic product of GSSSG [9,17], it was
important therapeutic potential of polysulfides in preventing neuro- possible that an increased concentration of GSH could explain the
degeneration of the spinal cord. neuroprotective effects of GSSSG. However, in the current study, we
Previously, we used a chemically-induced cytotoxicity model using observed that intranasal administration of GSSSG, but not GSH, pre-
SH-SY5Y cells to show that the cytoprotective effects of HyS-donor vented delayed paraplegia after SCI. The reason for the discrepancy
compounds were correlated with their ability to increase intracellular between the current and previous reports regarding the effects of GSH
sulfane sulfur levels [45]. We also reported that the administration of might arise from differences in doses of GSH, routes of administration,
sodium thiosulfate improved the survival and neurological function of and animal models. In particular, the dose of GSH used in the current
mice subjected to global cerebral ischemia-reperfusion; the cytopro- study was one-tenth of that used in previous studies. The results of this
tective effects were associated with a marked increase in thiosulfate (a study support the hypothesis that the mechanism of GSSSG-mediated
sulfane sulfur species) in plasma and brain tissues [46]. These results neuroprotection is independent of conversion to GSH.
suggest that increasing the concentration of sulfane sulfur may be neu- Intracellular sulfane sulfur species can react with GSH, resulting in
roprotective in pathological conditions. In this study, we showed that the generation of GSSH [9]. Compared with GSH, GSSH is more nucle-
the neuroprotective effects of intranasal GSSSG in SCI-induced spinal ophilic and is a better intracellular antioxidant. In addition, GSSH can be
cord injury were associated with increased sulfane sulfur levels in directly generated from GSSSG [9]. Akaike and colleagues reported that
lumbar spinal cords. The results support the hypothesis that the neu- the concentration of endogenous GSSH in the brain of mice is 222
roprotective effects of GSSSG are mediated by increased sulfane sulfur. pmol/mg protein, which is significantly greater than that of other
Previous preclinical studies suggested that administration of GSH endogenous sulfane sulfur species, including GSSSG (1 pmol/mg
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protein), CysSSH (2 pmol/mg protein), or CysSSSCys (not detected) [9,
37]. In the current study, 345 labeled GSSSG was detected at 317 + 111
pmol/mg protein in the lumbar spinal cord 30 min after intranasal
administration of GS®*SSG. Furthermore, based on the previously re-
ported levels of endogenous GSSH and CysSSH [37], the levels of
345-labeled GSSH and 3*S-labeled CysSSH in lumbar spinal cord after
intranasal administration of GS**SSG would have been approximately
1600 pmol/mg protein and 18 pmol/mg protein, respectively [9,37].
These results show that intranasal administration of GSSSG can increase
the levels of multiple sulfane sulfur species by about 10 to 100-fold in
the lumbar spinal cord, the epicenter of neuronal death after SCI
Considering that GSSH is quantitatively the most predominant sulfane
sulfur species in lumbar spinal cord after intranasal administration of
GSSSG, the bulk of neuroprotective effect of GSSSG might be conferred
via GSSH.

Previous studies showed that, after systemic administration, mole-
cules larger than 500 Da were unable to pass through the blood-brain
barrier and blood-spinal cord barrier [31]. Because of the large size of
GSSSG (644.7 Da), we chose to administer this compound intranasally.
After intranasal administration, large molecules can bypass blood-brain-
and blood-spinal cord-barriers through the olfactory and trigeminal
neural pathways, and can rapidly reach the parenchyma of the central
nervous system [30,32]. The peripheral olfactory system connects the
nasal passages with the olfactory bulbs and rostral brain, and the pe-
ripheral trigeminal system connects the nasal passages with the brain-
stem and spinal cord [30]. For example, a previous report compared the
intravenous and intranasal routes of administration on the amount of
methylprednisolone sodium succinate (497.5 Da) that reached the spi-
nal cord [48]. While a relatively large amount of methylprednisolone
was detected in the parenchyma of the spinal cord after intranasal
administration, a much smaller amount of methylprednisolone was
detected after intravenous administration [48]. Various other high
molecular weight-therapeutics (>500 Da) were successfully delivered to
the central nervous system by intranasal administration [49]. In the
current study, we observed that the concentration of >S-labeled GSSSG
in the central nervous system (268 + 140 pmol/mg protein) was
markedly higher than that of endogenous GSSSG in the brains of mice (1
pmol/mg protein) [37] at 30 min after intranasal administration of
GS24SSG. In contrast, the concentration of 34S-labeled GSSSG in plasma
(25 £+ 10 nM) was significantly lower than endogenous GSSSG in the
plasma of wild-type mice (125 nM, unpublished data by Akaike and
colleagues). These results suggest that intranasally-administered GSSSG
readily and preferentially reaches the central nervous system, including
the spinal cord, through the olfactory and trigeminal neural pathways,
rather than the blood stream.

There are some limitations to this study. First, we did not determine
the detailed mechanism responsible for the beneficial effects of poly-
sulfides beyond the fact that the effects are associated with increased
levels of sulfane sulfur in the target organ, inhibition of increased levels
of inflammatory cytokines, and inhibition of microglial- and caspase-3-
activation, and are unlikely to be attributable to transglutathionylation.
Polysulfides appear to be cytoprotective via multiple mechanisms
including acting as antioxidants [9,10] and anti-inflammatory agents
[10,11], inhibiting lipid peroxidation and ferroptosis [12], and
enhancing post-translational modifications of proteins [13,14]. The
precise mechanisms responsible for the neuroprotective effects of pol-
ysulfides remain to be elucidated in future studies. Second, we did not
investigate the mechanism by which GSSSG suppressed the mRNA level
of SQOR, a protein that catabolizes sulfides to GSSH. The increased level
of GSSH after intranasal administration of GSSSG might downregulate
expression of SQOR via negative feedback. Third, although GSSSG and
PTN-SSS were administered intranasally under mild sedation, some
mice expectorated the drugs from their noses or swallowed them. It is
likely that the cytoprotective effects conferred by polysulfides in this
study reflect the effects of a lower dose being successfully administered.
As better drug formulations, which are more suitable for clinical
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application, are developed, we anticipate that the beneficial effects of
polysulfides will be achieved using lower doses.

In conclusion, the current study revealed that the post-reperfusion
intranasal administration of GSSSG or PTN-SSS, but not GSH, GSSG, or
PTN, rescues mice subjected to SCI from delayed paraplegia.
Intranasally-administered GSSSG accumulated in the lumbar spinal
cord, increased the local concentrations of persulfides, polysulfides, and
sulfane sulfur, and decreased neuroinflammation, apoptosis, and neu-
rodegeneration. The potent neuroprotective effect of intranasally-
administered GSSSG is similar to that of inhaled H,S, but the use of
polysulfides, including GSSSG and PTN-SSS, is far more practical in
clinical medicine than administration of gaseous HyS. In particular, the
excellent physical properties of PTN-SSS warrants further evaluation for
clinical development. This study opens up the possibility of a novel
polysulfide-based therapy to prevent the development of delayed para-
plegia after thoracoabdominal aortic surgery and other neurodegener-
ative diseases of the spinal cord.
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