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Innovation 

Parkinson’s Disease (PD) is the second most common neurodegen-
erative disea1se in humans. We used a mouse model of PD to investigate 
the effects of upregulating sulfide:quinone oxidoreductase (SQOR) in 
the brain. Increasing the level of SQOR in the brain, either using sulfide 
preconditioning (SPC) by intermittent inhalation of H2S or by adeno- 
associated virus (AAV)-mediated gene transfer, inhibited neuro-
degeneration and improved the movement disorder in PD mice. 
Furthermore, administration of polysulfide, a product of oxidation of 
H2S mediated by SQOR, mitigated neurodegeneration in this mouse 
model. The results of this study suggest that increased sulfide catabolism 
by SQOR may ameliorate the pathogenesis of PD. We anticipate that the 
availability of stable polysulfide compounds will accelerate the clinical 
translation of these results into innovative therapies for PD. 

1. Introduction 

Parkinson’s disease (PD) is one of the most common neurodegener-
ative diseases in humans, second only to Alzheimer’s disease [1]. PD is 
characterized by the selective loss of dopaminergic neurons in the 

substantia nigra and deficiency of dopamine in the striatum [2]. 
Although the pathogenesis of PD is incompletely understood, increased 
oxidative stress [3], inhibition of complex I of the mitochondrial elec-
tron transport chain (ETC) [4,5], and aggregation of α-synuclein [6–8] 
are thought to have key roles in disease progression. Despite intensive 
research, currently there is no cure for PD. 

1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) is a neuro-
toxin that inhibits mitochondrial ETC complex I. Following systemic 
administration, MPTP crosses the blood brain barrier and is converted 
(in astrocytes) to 1-methyl-4-phenylpyridinium ion (MPP+) by mono-
amine oxidase-B [9–11]. MPP+ binds to dopamine transporters on 
dopaminergic neurons with high affinity, facilitating cellular uptake and 
resulting in inhibition of ETC complex I, impairment of ATP production 
and increased oxidative stress and cell death [12–15]. The selective 
degeneration of dopaminergic neurons induced by MPTP partially re-
produces the pathological and phenotypic features of PD in both humans 
[16] and rodents [17]. Administration of MPTP to mice is therefore a 
frequently used model of human PD. 

Hydrogen sulfide (H2S), a colorless gas with a characteristic rotten- 
egg odor, is found in various natural and industrial products [18]. In 
human blood, sulfide exists as H2S (20%) and HS− (80%) [19]. In 
mammalian cells, sulfides or closely related reactive sulfur species such 
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as persulfides (RSSH) and polysulfides (RSnH) are generated by enzymes 
that include cystathionine β-synthase (CBS), cystathionine γ-lyase (CSE), 
and 3-mercaptopyruvate sulfurtransferase (3-MST) [20–22]. Sulfides 
are catabolized in mitochondria by sulfide oxidation enzymes. SQOR 
catalyzes the first step in H2S oxidation, converting sulfide to persulfide 
[23]. Sulfane sulfur, a sulfur atom with 6 valence electrons and no 
charge, is a component of persulfide and polysulfide. Recent studies 
suggest that sulfane sulfur-containing molecules, such as persulfide and 
polysulfide, may protect against neurodegenerative diseases such as PD 
[24,25]. These molecules may inhibit oxidation of tissues or may facil-
itate mitochondrial bioenergetics [22,26,27]. Persulfide is further 
oxidized to thiosulfate, sulfite, and sulfate by persulfide dioxygenases 
(PDO or ETHE1), thiosulfate sulfurtransferase (TST), and sulfite oxidase 
(SUOX). The sulfane sulfur of persulfides including GSSH and CysSSH 
can be transferred to disulfide molecules such as GSSG and CysSSCys to 
generate various polysulfides (including GSSSG and CysSSSCys) in 
non-enzymatic reactions [26]. H2S can also be generated from persul-
fide/polysulfide via enzymatic reactions or non-enzymatic reactions 
[28,29]. This complicated diversity of potential sulfur reactions has 

hindered our understanding of the protective roles of sulfide catabolism 
in human diseases. 

Previously, we reported that chronic, intermittent H2S inhalation 
protects mice from neurodegeneration and the movement disorder seen 
in the MPTP-induced mouse model of PD [30]. We showed that the 
neuroprotective effects of H2S inhalation were associated with upregu-
lation of nuclear factor erythroid 2-related factor 2 (Nrf2)-dependent 
antioxidant and detoxification proteins in the brain. The precise mech-
anisms by which H2S inhalation provided neuroprotection remained 
incompletely understood. In the previous study, H2S inhalation began at 
the same time as MPTP administration, making it difficult to separate 
the effects of H2S inhalation from those of MPTP. More recently, we 
reported that chronic intermittent H2S inhalation markedly upregulated 
SQOR levels in the brain of mice [31]. Upregulated SQOR enabled mice 
to survive in severe hypoxia and mitigated ischemic brain injury, 
whereas depletion of brain SQOR increased the sensitivity of mice to 
oxygen deprivation. Under physiological conditions, H2S oxidation by 
SQOR donates electrons to mitochondrial ETC complex III via coenzyme 
Q (CoQ), thereby potentially promoting ATP synthesis [32–34]. In 

Abbreviations used 

AAV adeno associated virus 
ATP adenosine triphosphate 
CBS cystathionine β-synthase 
CSE cystathionine γ-lyase 
DMSO dimethyl sulfoxide 
ETC electron transport chain 
ETHE1 ethylmalonic encephalopathy 1 
GAPDH glyceraldehyde 3-phosphate dehydrogenase 
GFP green fluorescent protein 
GSSSG glutathione trisulfide 
H2S hydrogen sulfide 
ICV intracerebroventricular 
IN intranasal 
IP intraperitoneal 

LA lipoic acid 
LASSS lipoic acid trisulfide 
LDH lactate dehydrogenase 
3MST 3-mercaptopyruvate sulfurtransferase 
Na2S sodium sulfide 
Na2S3 sodium trisulfide 
Nrf2 nuclear-factor-E2-related factor-2 
MPTP 1-methyl-4-phenyl- 1,2,3,6-tetrahydropyridine 
MPP+ 1-methyl-4-phenylpyridinium ion 
PBS phosphate-buffered saline 
PD Parkinson’s disease 
SQOR sulfide quinone oxidoreductase 
SUOX sulfite oxidase 
TH tyrosine hydroxylase 
TST thiosulfate sulfurtransferase  

Fig. 1. Experimental protocol of sulfide preconditioning (SPC). 
Mice in the SPC + MPTP group breathed H2S (80 ppm) mixed in air for 4 h (8 a.m.–12 p.m.) on each day in an airtight chamber. 
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addition, SQOR converts H2S to persulfide, a potent antioxidant [26, 
35–37]. Furthermore, SQOR deficiency was recently reported to cause a 
Leigh syndrome-like disease, characterized by encephalopathy and the 
presence of brain lesions in the basal ganglia and cortex [38]. These 
observations suggest that sulfide oxidation by SQOR has a critical role in 
cerebral energy homeostasis under normal conditions, as well as during 
oxidative stress. However, the role of sulfide oxidation in the patho-
genesis of PD is largely unknown. 

The objective of the current study was to investigate the effects of 
sulfide preconditioning on the pathogenesis of PD in the MPTP-induced 
mouse model. To elucidate the mechanisms responsible for the benefi-
cial effects of H2S inhalation in PD, we examined the effects of chronic 
intermittent H2S inhalation before MPTP, so that effects of SPC could be 
distinguished from those of MPTP. We hypothesized that upregulation of 
SQOR by SPC would mitigate neurodegeneration and the movement 
disorder that occur in the PD mouse model. We report that SQOR 
upregulation, either induced by SPC or AAV-mediated gene transfer, 
prevented MPTP-induced degeneration of dopaminergic neurons and 
movement disorder in mice. We further showed that administration of 

polysulfide, an oxidative product of sulfide catalyzed by SQOR, atten-
uated MPTP-induced neurodegeneration. 

2. Results 

2.1. Sulfide pre-conditioning protected mice from the movement disorder 
induced by MPTP 

To investigate the effects of SPC on MPTP-induced neuro-
degeneration and movement disorder, mice were randomized into three 
groups; 1) mice breathing air for 5 days followed by saline administra-
tion on day 5 (Air + saline); 2) mice breathing air for 5 days followed by 
MPTP administration on day 5 (Air + MPTP); and 3) mice intermittently 
breathing H2S at 80 ppm mixed in air for 4 h daily for 5 consecutive days 
followed by MPTP administration on day 5 (SPC + MPTP) (Fig. 1). An 
investigator, who was blinded to the mouse treatment group, assessed 
the levels of anxiety and motor function 7 days after administration of 
saline or MPTP, using the open-field- and rotarod tests, respectively. The 
open-field test quantifies murine anxiety by measuring the amount of 
time that mice spend in the central area of an “open field” and the dis-
tance that mice move from the central area [39]. Increased time in the 
central area and decreased movement from the central area are both 
measures of increased anxiety. Compared to mice that were not pre-
conditioned with H2S, mice that were treated with H2S demonstrated 
decreased anxiety after MPTP administration. The rotarod performance 

Fig. 2. Effect of SPC on behavioral tests performed 
after administration of MPTP. 
Results of central time (A) and central distance (B) in 
the Open-field test. Latency to fall” is the length of 
time that each mouse was able to stay on the Rotarod 
(C). Groups of mice in the study included: 1) Mice 
that inhaled air and were treated with saline (Air +
Saline); 2) Mice that inhaled air and were treated 
with MPTP (Air + MPTP); 3) Mice that inhaled H2S 
and were treated with MPTP (SPC + MPTP). N = 7, 8, 
8 mice in each group, respectively. **p < 0.01, ****p 
< 0.0001 vs. Air + Saline. #p < 0.05, ##p < 0.01 vs. 
Air + MPTP.   

Fig. 3. Tyrosine hydroxylase levels in the nigrostriatal region. 
Representative immunoblots showing expression of tyrosine hydroxylase in the 
striatum and substantia nigra of mice 7 days after administration of MPTP or 
saline (n = 5, 6, 6 mice for each group, respectively). ****p < 0.0001 vs. Air +
Saline. ##p < 0.01 vs. Air + MPTP. 

Fig. 4. Effect of SPC on the protein levels of SQOR in the nigrostriatal region. 
Representative immunoblot showing the level of SQOR in the nigrostriatal re-
gion of mice after H2S preconditioning (SPC) or control (air-breathing). N = 6 
mice each. **p < 0.01 vs Air. 
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test measures the amount of time that a mouse is able to stay on a 
rotating rod and is a measure of coordination, grip strength and motor 
coordination [40]. Compared to mice that did not receive H2S, mice that 
were pre-treated with H2S and then administered MPTP retained the 
ability to balance on the rotarod (Fig. 2, A-C). These observations sug-
gest that SPC protected mice from anxiety and the movement disorder 
induced by MPTP. 

2.2. Sulfide pre-conditioning prevented MPTP-induced degeneration of 
dopaminergic neurons 

The degree of neurodegeneration induced by MPTP can be assessed 
by measuring the decrease in levels of tyrosine hydroxylase in the sub-
stantia nigra and striatum (the nigrostriatal region). Compared to un-
treated (control) mice, administration of MPTP decreased the level of 
tyrosine hydroxylase in the nigrostriatal region, as assessed by immu-
noblot. In contrast, preconditioning with H2S prevented the MPTP- 
induced decrease in tyrosine hydroxylase. (Fig. 3). These results show 
that SPC prevents MPTP-induced degeneration of dopaminergic neurons 

in the substantia nigra and striatum. 

2.3. Sulfide pre-conditioning upregulated SQOR in substantia nigra and 
striatum 

To explore the mechanisms responsible for the beneficial effects of 
SPC, we examined levels of SQOR in substantia nigra and striatum in 
mice with or without SPC. Immunoblots revealed that SPC significantly 
increased levels of SQOR in the nigrostriatal region (Fig. 4). In contrast, 
the levels of other enzymes that metabolize sulfide were not affected by 
SPC in this portion of the brain (Fig. 5). SQOR activity 2 h after 
administration of MPTP was decreased in control mice but not in mice 
that were pre-conditioned with H2S before administration of MPTP 
(Fig. 6A). SPC also prevented the decrease in levels of sulfane sulfur, a 
component of persulfide and polysulfide, in the nigrostriatal region 2 h 
after MPTP administration (Fig. 6B). These results suggest that the 
protective effects of SPC, in terms of preventing MPTP-induced neuro-
degeneration, are associated with upregulation of SQOR and increased 
persulfide/polysulfide levels in the nigrostriatal region. 

Fig. 5. The effects of sulfide pre-conditioning (SPC) on the level of enzymes that metabolize sulfide in the nigrostriatal region. 
Representative immunoblots and summary graphs of protein levels of enzymes in the nigrostriatal region that synthesize or metabolize sulfides in mice (n = 6 
mice each). 

Fig. 6. The effects of sulfide preconditioning (SPC) on SQOR activity and sulfane sulfur levels after MPTP administration. 
SQOR activity (A) and sulfane sulfur levels (B) were measured in the nigrostriatal region 2 h after MPTP administration (n = 5 mice each). *, ***p < 0.05, 0.001 vs. 
Air + Saline. #, ##p < 0.05, 0.01 vs. Air + MPTP. 

F. Nagashima et al.                                                                                                                                                                                                                             



Redox Biology 59 (2023) 102562

5

2.4. AAV-mediated SQOR gene transfer increased SQOR levels in 
substantia nigra and striatum and prevented the MPTP-induced decrease in 
tyrosine hydroxylase 

To determine whether upregulation of SQOR is sufficient to prevent 
neurodegeneration after MPTP administration, we examined the effects 
of increased levels of SQOR, induced by administration of adeno- 
associated virus (AAV) encoding mouse SQOR (AAV-SQOR). We used 
the hSYN1 promoter to express SQOR specifically in neurons of mice. 
AAV-SQOR was injected into the intracerebroventricular space of 

newborn mice and mice were used for experiments 12 weeks after in-
jection (Fig. 7), as previously described [31]. Twelve weeks after AAV 
injection, AAV-SQOR-treated mice had higher levels of SQOR in sub-
stantia nigra and striatum compared to mice that received control AAV 
(AAV encoding green fluorescent protein, AAV-GFP) (Fig. 8). While 
levels of cystathionine beta synthase (CBS) were higher in mice that 
received AAV-SQOR compared to AAV-GFP, levels of other enzymes that 
metabolize sulfide were not affected by AAV-mediated SQOR gene 
transfer in the nigrostriatal region (Fig. 9). Compared to control, 
AAV-GFP-treated mice, which were treated with saline, control mice 
treated with MPTP had decreased levels of tyrosine hydroxylase in the 
nigrostriatal region. In contrast, mice that received AAV-SQOR and were 
treated with MPTP had normal levels of tyrosine hydroxylase (Fig. 10A) 
and sulfane sulfur (Fig. 10B) in the nigrostriatal region 7 days after 
MPTP administration. These observations support the hypothesis that 
the increase in persulfide/polysulfide production by increased levels of 
SQOR prevents MPTP-induced neurodegeneration. 

2.5. Increased levels of SQOR inhibited cell death induced by 1-methyl-4- 
phenylpyridinium (MPP+) in SH-SY5Y cells 

To further examine the potential protective effect of increased SQOR 
levels on cell viability, we expressed SQOR in SH-SY5Y neuroblastoma 
cells and measured the level of lactate dehydrogenase (LDH) released 
into tissue culture medium after addition of MPP+. Transfection of a 
plasmid encoding SQOR was used to induce expression of SQOR in SH- 
SY5Y cells, which do not normally express this protein. LDH released 
into the supernatant was measured 24 h after the addition of MPP+ (5 
mM). Compared to control cells treated with MPP+, SQOR expression 
decreased the release of LDH into cell culture medium (Fig. 11). In a 
separate set of experiments, we examined the role of SQOR in the pro-
tective effects of H2S on the viability of SH-SY5Y cells incubated with 
MPP+. In SH-SY5Y cells without SQOR expression (control), Na2S (a H2S 
releaser) had no effect on MPP+-induced release of LDH (Fig. 11). 
However, in SH-SY5Y cells expressing SQOR, incubation with Na2S 
decreased MPP + -induced release of LDH. These results suggest that 
SQOR expression protects neuronal cells from MPP+-induced 

Fig. 7. Experimental protocol for AAV-mediated 
SQOR gene transfer. 
Mice on post-natal day 2 received intra-
cerebroventricular (ICV) injection of AAV9-hSYN1- 
mSQRDL-hSYN1-eGFP (AAV-SQR) or AAV9-hSYN1- 
eGFP (AAV-GFP) at 1010 viral particles per hemi-
sphere. After 24 weeks, mice received four intraper-
itoneal injections of either MPTP (20 mg/kg) or 
saline. For each animal, there was a 2 h interval be-
tween each IP injection. The nigrostriatal regions 
were harvested 7 days after MPTP administration and 
the levels of tyrosine hydroxylase were determined 
using immunoblot.   

Fig. 8. AAV-mediated SQOR overexpression. 
Representative immunoblot and quantification of SQOR levels in the striatum 
and substantia nigra of mice that were injected with control AAV (AAV-GFP) or 
AAV-SQOR. N = 6 mice each. ***p < 0.001 vs. AAV-GFP. 
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cytotoxicity. Because SH-SY5Y cells do not express SQOR at baseline 
[31], the results also indicate that SQOR is required for the cytopro-
tective effects of H2S against MPP+. 

2.6. In the absence of SQOR, polysulfides, but not H2S, protected SH- 
SY5Y cells from MPP+-induced cell death 

Because SQOR catalyzes the conversion of sulfide to polysulfides, 
and because SPC or AAV-mediated SQOR overexpression prevented the 
decrease in sulfane sulfur after MPTP administration, we hypothesized 
that the beneficial effects of upregulated SQOR after MPTP adminis-
tration are mediated by increased levels of polysulfides. To consider this 
possibility, we examined the effects of polysulfides on the viability of 
SH-SY5Y cells incubated with MPP+. Cells were treated with MPP+ (5 
mM) for 24 h and viability was assessed by crystal violet assay [41]. 
Compared to control cells, treatment with Na2S (doses between 1 and 
100 μM) did not improve the viability of SH-SY5Y cells treated with 
MPP+ 42. In contrast, treatment with Na2S3 or GSSSG (10 μM each) 
increased the viability of MPP+-treated SH-SY5Y cells (Fig. 12A). 

To further examine the cytoprotective effects of polysulfides in a 
physiologically relevant context, we examined the effect of GSSSG, 
glutathione (GSH, a parent molecule of GSSSG without a sulfane sulfur), 
α-lipoic acid trisulfide (1,2,3-trithiane-4-pentanoic acid, LASSS), and 

Fig. 9. Level of enzymes that metabolize sulfide after AAV infection. 
Representative immunoblot images and summary graphs of protein levels of enzymes in the nigrostriatal region that synthesize or metabolize sulfide in mice that 
received injection of control AAV or AAV-SQOR. N = 6 mice each. ***p < 0.001 vs. AAV-GFP. 

Fig. 10. Effect of SQOR overexpression on tyrosine 
hydroxylase and sulfane sulfur levels after MPTP 
administration. 
Representative immunoblot and the densitometric 
analysis for tyrosine hydroxylase protein expression 
(n = 6 mice each) (A) and sulfane sufur levels (N = 5 
mice each) (B) in the nigrostriatal region of mice 7 
days (tyrosine hydroxylase expression) or 2 h (sulfane 
sulfur levels) after administration of MPTP. The level 
of tyrosine hydroxylase (TH) was normalized to that 
of GAPDH and the mean relative intensity for mice 
treated with AAV-GFP + saline was set to 1. *, **, 
****p < 0.05, 0.01, 0.0001 vs. AAV-GFP + Saline. 
###, ####p < 0.001, 0.0001 vs. AAV-GFP + MPTP.   

Fig. 11. Effect of SQOR over expression on LDH release from SH-SY5Y cells 
treated with MPP+. 
An LDH assay was performed to examine cell viabilities 24 h after incubation 
with MPP+ (5 mM) with or without Na2S (20 μM) (n = 6 each). ***p < 0.001 
vs. control (no MPP+ with PBS or Na2S in the same transfection). #p < 0.05, yp 
< 0.05. 
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α-lipoic acid (a parent molecule of LASSS without a sulfane sulfur) on 
murine primary cortical neurons incubated with MPP+. Cells were 
incubated with MPP+ (50 μM) together with each of the above com-
pounds for 24 h. The polysulfide compounds GSSSG and LASSS, but not 
the parent compounds GSH and LA, protected murine primary cortical 
neurons from the effects of MPP+ treatment (Fig. 12B and C). These 
results suggest that the sulfane sulfur-releasing molecules protect neu-
rons from MPP+-induced cytotoxicity. 

2.7. Serial administration of polysulfide prevented the reduction of 
tyrosine hydroxylase in the substantia nigra and striatum of MPTP-treated 
mice 

To investigate the potential therapeutic effects of polysulfides in 
vivo, mice were treated with or without Na2S3 after administration of 
MPTP or saline (control). On day 0, Na2S3 (20 mg/kg) or saline were 
administered IP, immediately after injection of MPTP or saline. Between 
days 1–6, mice received Na2S3 (20 mg/kg) or saline every 12 h. The 
levels of tyrosine hydroxylase in the nigrostriatal region were measured 
7 days after administration of MPTP. Compared to control mice that 
received MPTP, administration of Na2S3 for 7 days prevented the MPTP- 
induced loss of tyrosine hydroxylase in substantia nigra and striatum 
(Fig. 13). 

The large molecular weight of GSSSG (Mw: 644.7 DA) makes it un-
able to traverse the blood brain barrier after systemic administration. 
However, recent studies suggest that intranasal administration may 
permit successful passage of relatively large molecules into the central 
nervous system [43]. To consider the possibility that GSSSG might have 
a protective effect on MPTP-induced neurodegeneration when admin-
istered intranasally, GSSSG (50 mg/kg) or saline was administered IN 
immediately after administration of MPTP or saline (control) on day 0. 
Between days 1 and 6, mice received GSSSG at 50 mg/kg or saline IN 
every 12 h. We observed that administration of GSSSG IN prevented the 
MPTP-induced decrease in tyrosine hydroxylase in the nigrostriatal re-
gion (Fig. 14). Taken together, these results suggest that polysulfides 

Fig. 12. Effect of sulfide and polysulfide on cell viability of SH-SY5Y cells and primary cortical neurons incubated with MPP+

(A) SH-SY5Y cells or (B and C) murine primary cortical neurons were incubated with or without MPP+ with or without trisulfide compounds at 37 ◦C for 24 h. Cell 
viability was measured using the crystal violet assay (n = 4 or 5 each). *, **, ***p < 0.05, 0.01, 0.001 vs. control without trisulfide treatment. 

Fig. 13. Effect of intraperitoneal administration of Na2S3 on MPTP-induced 
neurodegeneration. 
The striatum and/or substantia nigra were harvested from mice 7 days after 
administration of MPTP or saline with or without Na2S3. Rabbit antiserum and 
immunohistochemistry were used to detect tyrosine hydroxylase (A). The level 
of tyrosine hydroxylase was quantified using immunoblot; a representative 
immunoblot and densitometric analysis are shown in (B). N = 6, 6, 5 mice 
respectively for the densitometric analysis. **p < 0.01 vs. Saline. #P < 0.05 vs. 
MPTP + Saline. 
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have a robust therapeutic effect in a mouse model of PD. 

3. Discussion 

The current study revealed that increasing the level of polysulfides in 
the brain prevented neurodegenerative disease in a murine model of 
Parkinson’s disease. Breathing H2S at 80 ppm for 4 h per day for 5 days 
before administration of MPTP prevented the subsequent development 
of anxiety and movement disorder. Preconditioning with H2S also pro-
tected mice from MPTP-induced loss of tyrosine hydroxylase-containing 
dopaminergic neurons in substantia nigra and striatum. The beneficial 
effects of SPC were associated with increased levels of SQOR and sulfane 
sulfur in the nigrostriatal region. AAV-mediated, neuron-specific, 
expression of SQOR in the central nervous system was sufficient to 
prevent MPTP-induced neurodegeneration in mice. In SH-SY5Y cells, 
expression of SQOR improved cell viability, despite the presence of 
MPP+. In addition, the presence of SQOR in SH-SY5Y cells was required 
for H2S to exert cytoprotective effects against MPP+. Administration of 
molecules that contain sulfane sulfur (i.e. Na2S3, GSSSG) attenuated the 
reduction of tyrosine hydroxylase in the nigrostriatal region in mice 
treated with MPTP. Taken together, these results revealed neuro-
protective effects of SQOR and polysulfides in a PD model of mice. 

The potential protective role of H2S in neurodegenerative diseases, 
including PD, has been a focus of intensive investigation. Previous, pre- 
clinical studies reported protective effects of exogenous H2S donor 
compounds and endogenous H2S in PD models [44–47]. Anti-oxidative, 
anti-apoptotic, anti-inflammatory, and pro-survival effects have been 
suggested to explain the cytoprotective effects of H2S in these studies. In 
a previous study, we observed that chronic, intermittent inhalation of 
H2S, started immediately after MPTP administration, prevented motor 
dysfunction and degeneration of dopaminergic neurons in the nigros-
triatal region in a mouse model of PD [30]. Although we observed 
modest upregulation of genes encoding antioxidant proteins, including 
heme oxygenase-1 and glutamate-cysteine ligase, the precise mecha-
nism of protection remained incompletely defined. 

To further characterize the beneficial effects of H2S in PD, we 
examined the cytoprotective effects of multiple H2S donor compounds 
on SH-SY5Y cells incubated with MPP+ 42. We previously found that the 
cytoprotective effects of H2S donor compounds correlated with their 
ability to increase sulfane sulfur, but not H2S per se, in cells and culture 
medium [42]. In fact, Na2S failed to improve survival of SH-SY5Y cells 
incubated with MPP + unless the cells also expressed SQOR. This 
observation suggests that SQOR is required for the beneficial effects of 
Na2S. 

Although protective effects of exogenous and endogenous H2S have 
been studied extensively, the role of sulfide catabolism has thus far 
garnered little attention. We recently reported that chronic, intermittent 
H2S inhalation induced robust tolerance to hypoxia and ischemic brain 
injury in mice. The acquired tolerance to acute hypoxia/ischemia in 
sulfide pre-conditioned mice was associated with increased levels of 
SQOR and an increased capacity to catabolize sulfide in the brain [31]. 
Because upregulation of SQOR increases persulfide and polysulfide 
levels in neurons [31], we posit that the beneficial effects of SQOR 
upregulation in this mouse model of PD are at least in part mediated via 
the effects of persulfide and polysulfide compounds. Persulfide and 
polysulfide species have been reported to be potent antioxidants [26]. 
For example, Li and colleagues showed that GSSH was 50-fold more 
effective than H2S in terms of scavenging H2O2 at physiological pH [48]. 
Polysulfides, such as GSSSG can generate persulfides, such as GSSH [26, 
48,49]. Therefore, administration of either persulfide or polysulfide, the 
latter a persulfide releasing molecule, would be expected to protect 
against oxidative insults caused by MPTP. However, the mechanisms 
responsible for the protective effects of exogenous persulfide/poly-
sulfide and SQOR upregulation may not be identical. For example, 
persulfide/polysulfide can scavenge reactive oxygen species (ROS) and 
scavenging ROS protects dopaminergic neurons against MPP+ [26,50, 
51]. However, it is challenging to separate the effect of scavenging ROS 
from the other protective effects of persulfide/polysulfide. For another 
example, SQOR has been shown to mediate the therapeutic effects of 
H2S via activation of adenosine monophosphate-activated protein 

Fig. 14. Effect of intranasal administration of GSSSG 
on MPTP-induced neurodegeneration. 
A representative immunoblot shows the level of 
tyrosine hydroxylase in the nigrostriatal region of 
mice 7 days after administration of MPTP or saline 
with or without Na2S3 treatment. Quantification of 
relative levels of tyrosine hydroxylase was deter-
mined using densitometry, comparing levels of tyro-
sine hydroxylase to vinculin (n = 5, 4, 5 mice, 
respectively). **p < 0.01 vs. Saline + Saline. ##p <
0.05 vs. MPTP + Saline.   
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kinase (AMPK) [52]. A number of preclinical studies have reported 
neuroprotective effects of AMPK activation in PD models [53,54]. 
Therefore, it is possible that SQOR upregulation mediates protective 
effects via AMPK activation. The role of AMPK activation in the pro-
tective effects of SQOR in PD remains to be examined in future studies. 

Because oxidation of sulfide by SQOR donates electrons to mito-
chondrial ETC complex III via CoQ [35,55], it is also conceivable that 
upregulation of SQOR and the increased capacity to oxidize sulfide may 
support mitochondrial bioenergetic function and cell survival in the 
setting of the complex I inhibition observed in PD [35,55]. Our previous 
observation that Na2S increases intracellular ATP levels in SH-SY5Y cells 
expressing SQOR, but not in SH-SY5Y cells without SQOR expression, 
supports this hypothesis [31]. 

Sulfane sulfur mediates cysteine persulfidation (or S-sulfhydration), 
a post-translational modification that adds a sulfur atom to a cysteine 
residue, potentially altering the activity of the target protein. In contrast, 
H2S itself does not cause persulfidation [56,57]. Because cysteine per-
sulfidation of some enzymes may prove to be beneficial in some 
neurodegenerative diseases [58–60], the relationship between cysteine 
persulfidation and the protective effect of SQOR and polysulfide remains 
to be elucidated. A model of the potential mechanism by which the 
SQOR/H2S/sulfane sulfur system protects against neuronal injury is 
shown in Fig. 15. 

We observed protective effects of trisulfide compounds in MPTP/ 
MPP+-induced cell injury. The small size of Na2S3 permitted us to 
deliver the molecule intraperitoneally, with the expectation that it 
would cross the blood brain barrier. Because of the large size of GSSSG, 
we delivered this compound intranasally and nevertheless saw protec-
tive effects. Whether GSSSG crossed the blood brain barrier after 

intranasal administration is uncertain. Because the sulfane sulfur of 
polysulfide can be transferred to thiols and persulfides to generate other 
polysulfides, it is possible that smaller polysulfides or persulfides (e.g. 
GSSH, CysSSH) are generated by GSSSG and delivered through the blood 
brain barrier. 

There are several potential limitations of the present study. In this 
murine model, an exogenous chemical (MPTP) was used to acutely 
induce PD, which is clearly different from the chronic, slowly devel-
oping disease in humans. In addition, the behavioral tests used to study 
the effects of MPTP on murine anxiety and movement only crudely 
reflect the complex clinical symptoms of PD in humans [61]. 

Because MPTP and its metabolite MPP + are electrophile while 
persulfides are nucleophile, we cannot exclude the possibility of direct 
chemical reaction between MPP+ and persulfides. However, we 
observed that trisulfides exerted cytoprotective effects at 10 μM against 
5 mM of MPP+ (Fig. 12A). This 500-fold difference in the concentration 
argues against the major role of direct chemical reaction in the benefi-
cial effects of trisulfides. 

An additional limitation is that although MPTP induces degeneration 
of dopaminergic neurons in the nigrostriatal region, this chemical does 
not induce accumulation of α-synuclein aggregates in Lewy bodies, 
which are seen in patients with PD [62,63]. Additional studies will be 
required to examine the potential protective effects of SQOR in PD 
models that involve α-synuclein aggregation. 

4. Conclusion 

In conclusion, in the current study, we identified SQOR as a novel 
therapeutic target in PD. Upregulation of SQOR induced by either SPC or 

Fig. 15. A potential protection mechanism of SQOR, H2S and polysulfide. 
ATP: adenosine triphosphate, DAT: dopamine transporter, ETC: electron transfer chain, Keap-1: Kelch-like ECH-associated protein 1, MAO-B: monoamine oxidase B, 
NF-κB: nuclear factor kappa B, ROS: reactive oxygen species. 
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AAV-mediated gene transfer protects dopaminergic neurons in the 
nigrostriatal regions of the brain in a mouse model of PD. We also found 
that administration of polysulfides, oxidative products of sulfide 
catabolism by SQOR, prevents neurodegeneration of dopaminergic 
neurons by increasing sulfane sulfur levels. These results lay the foun-
dation for further studies examining the role of sulfide catabolism 
against PD and other neurodegenerative diseases. 
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