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Abstract

Parkinson’s disease is one of the major neurodegenerative disorders. Neurotoxin 1-methyl-4-phenyl-1,2,3,6-
tetrahydropyridine (MPTP) can cause Parkinson’s disease-like symptoms and biochemical changes in humans
and animals. Hydrogen sulfide (H,S) has been shown to protect neurons. The goal of this study was to examine
the effects of inhaled H,S in a mouse model of Parkinson’s disease induced by MPTP. Male C57BL/6] mice
received MPTP at 80 mg/kg and breathed air with or without 40 ppm H,S for 8 h/day for 7 days. Administration
of MPTP induced movement disorder and decreased tyrosine hydroxylase (TH)-containing neurons in the
substantia nigra and striatum in mice that breathed air. Inhalation of H,S prevented the MPTP-induced
movement disorder and the degeneration of TH-containing neurons. Inhaled H,S also prevented apoptosis of
the TH-containing neurons and gliosis in nigrostriatal region after administration of MPTP. The neuroprotective
effect of inhaled H,S after MPTP administration was associated with upregulation of genes encoding antioxidant
proteins, including heme oxygenase-1 and glutamate-cysteine ligase. These observations suggest that inhaled
H,S prevents neurodegeneration in a mouse model of Parkinson’s disease induced by MPTP, potentially via
upregulation of antioxidant defense mechanisms and inhibition of inflammation and apoptosis in the brain.

Antioxid. Redox Signal. 15, 343-352.

Introduction

PARKINSON'S DISEASE (PD) is one of the most common
neurodegenerative diseases (29). It is characterized by a
slow and progressive degeneration of dopaminergic neurons
in the substantia nigra (10). Although the etiology of PD is not
fully understood, several mechanisms responsible for the
neurodegeneration in PD have been suggested, including
abnormal protein handling, oxidative stress, mitochondrial
dysfunction, excitotoxicity, neuroinflammation, and apopto-
sis (11).

A number of animal models of PD, both toxin-induced and
genetically engineered, have been created. Although the toxin-
induced PD models have provided considerable therapeutic
insight into basal ganglia physiology and response to drug
therapy, genetic models provide a powerful new set of molec-
ular tools to study the etiology of PD (22). None of the animal
models accurately recapitulates the pathophysiologic fea-
tures of PD, but 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine
(MPTP) currently represents the most important and most

frequently used parkinsonian toxin applied in animal models
(1, 26, 27). MPTP is the only known dopaminergic neurotoxin
capable of causing a clinical picture indistinguishable from
idiopathic PD in humans (18). Moreover, MPTP produces a
reliable and reproducible lesion of the nigrostriatal dopami-
nergic pathway after its systemic administration, which is
often not the case for other neurotoxins (3).

Hydrogen sulfide (H,S) is an important gaseous signaling
molecule. In the brain, H,S is synthesized by cystathionine f-
synthase (CBS) and 3-mercaptopyruvate sulfurtransferase
(BMST) (28), whereas the ability of 3MST to produce H,S
directly has been recently questioned (15). Although cy-
stathionine y-lyase (CSE) may also produce H,S in cerebral
vasculature, its contribution to the brain levels of H,S appears
to be limited (13).

Hydrogen sulfide appears to confer cytoprotection via
multiple mechanisms including antioxidant and anti-
apoptotic effects. For example, Kimura and colleagues (17)
demonstrated by using a model of glutamate-induced oxi-
dative stress that H,S protects neurons from cell death by
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increasing the levels of the antioxidant, glutathione. A recent
study revealed that NaHS, an H,S donor, protects PC12 cells
from cytotoxicity and apoptosis induced by 1-methy-4-
phenylpyridinium ion (MPP+), the active metabolite of
MPTP (33). Although molecular mechanisms responsible for
the cytoprotective effects of H,S are incompletely defined,
Calvert and colleagues (4) suggested that H,S may upregulate
endogenous antioxidants through a nuclear-factor-E2-related
factor-2 (Nrf2)-dependent signaling pathway. Nrf2 regulates
gene expression of a number of antioxidant proteins [for ex-
ample, heme oxygenase-1 (HO-1)] and phase II detoxification
enzymes [(for example, glutathione S-transferase (GST)]
(19). Whether H,S protects neurons by upregulating Nrf2-
dependent antioxidant mechanisms remains to be deter-
mined.

In the current study, we sought to examine effects of H,S
inhalation in the clinically relevant MPTP-induced PD model
in mice. We also examined whether inhaled H,S upregulates
antioxidant and detoxification enzymes in the brain. Here, we
report that H,S inhalation prevents MPTP-induced degenera-
tion of dopaminergic neurons and movement disorder in mice.

Materials and Methods
Animals

All experiments were carried out in accordance with in-
stitutional guidelines and approved by the Massachusetts
General Hospital Subcommittee on Research Animal Care.
We used 8- to 10-weeks-old age- and weight-matched male
C57BL/6] mice (Jackson Laboratory, Bar Harbor, ME). Mice
had free access to food and water, and were maintained in a
12-h light/dark cycle (lights on 7:00-19:00).

MPTP-induced Parkinson’s disease model in mice

MPTP (Sigma-Aldrich, St. Louis, MO) was prepared in
saline solution just before use. Male C57BL/6] wild-type mice
received four intraperitoneal injections of MPTP (20 mg/kg;
n=62) or saline (n=17) every 2 h for a total of four doses of
MPTP (total, 80 mg/kg) or equivalent amount of saline on
Day 0, according to a previously described protocol (14). Mice
breathed air alone (1 =231) or air mixed with H,S (40 ppm;
n=231) for 8h each day in custom-made plastic chambers,
starting immediately after the first injection of MPTP on Day 0
(Fig. 1). We chose to examine the effects of 40 ppm H,S in
these experiments, based on our previous study (30) in which
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breathing H,S at 80 or 120 ppm, but not at 40 ppm, reduced
carbon dioxide production in mice. To minimize the poten-
tially confounding influence of H,S-induced hypometabolism/
hypothermia on the neuroprotective effects of H,S breathing,
we chose 40 ppm H,S in the current study. The H,S breathing
session was performed from 9 AM until 5 PM on each of 7
consecutive days from Day 0 through Day 6. Rectal tempera-
ture was measured in subgroups of mice treated with MPTP
that breathed air (n=3) and mice treated with MPTP that
breathed H,S (n=5) at 9 AM and 5 PM every day from Day 0
to Day 6 and before killing for tissue harvesting on Day 7.

Immunohistochemical detection of tyrosine hydroxylase
(TH), TH immunoblots, and behavioral testing were con-
ducted on Day 7 after all H,S breathing sessions were com-
pleted. Glutathione assay was performed on brain tissue
samples obtained on Days 1, 3, and 7 to examine time-
dependent changes of glutathione levels in the brain. Detec-
tion of DNA fragmentation and gene-expression analysis
were conducted on Day 1 based on the results of pilot studies
that showed that the degree of DNA fragmentation and the
changes of gene expression of antioxidant proteins were
greater on Day 1 than on Day 7.

Behavioral test

All behavioral studies were performed and scored by an
investigator blinded to the treatment that mice received. All
behavioral tests were performed on Day 7 in saline-treated
mice (control; n =9), mice treated with MPTP and breathed air
(n=8), and mice treated with MPTP and breathed H,S (n =7).

Open-field test. The open-field test was performed ac-
cording to the method described previously, with some
modifications (20, 32). In brief, mice were placed individually
on a gray plastic rectangular box (50x30x15 cm) with 10-cm
interval black grids and allowed to move freely for 3 min to
habituate to the experimental environment. Grid crosses by
the mouse were manually counted as a measure of total dis-
tance moved. Furthermore, the rearing times (number of ex-
ploratory activities) was manually counted while a mouse
was in the open field.

Rotarod test. Rotarod tests were performed according to
the method described previously, with some modifications
(21). In brief, after five training sessions, mice were placed
individually on the rotating rod, and the speed of rod rotation
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was increased from 0 to 50 rpm over a period of 3 min. The
length of time mice remained on the rod (fall latency) was
recorded and used as a measure of motor function.

Tail-suspension test. Tail-suspension tests were per-
formed according to the method described previously (24). In
brief, mice were suspended by the tails. The duration of im-
mobility was measured for a period of 5min. When mice
climbed up their tails or dropped from the attachment during
the test session, the data were omitted. The experiments were
carried out in a quiet soundproof room.

Histologic studies

Detection of tyrosine hydroxylase. After inactivation of
endogenous peroxidase activity by 3% hydrogen peroxide,
the sections were incubated for 1h in blocking solution (10%
normal goat serum in PBS) and were incubated overnight at
4°C with the primary rabbit anti-tyrosine hydroxylase (TH)
antibody (1:1,000; Millipore, Billerica, MA). The sections were
washed in PBS and incubated with the biotinylated secondary
goat anti-rabbit IgG antibody (1:200; Vector Laboratories,
Burlingame, CA) and visualized by using the avidin-biotin-
peroxidase complex method with diaminobenzidine tetra-
hydrochloride (DAB) as the chromogen, according to the
protocol recommended by the manufacturer (2).

Detection of glial activation. Sections were incubated for
1h in blocking solution and incubated overnight at 4°C with
primary antibodies against markers of activated astrocytes
(glial fibrillary acidic protein, GFAP, 1:500; Dako, Carpinteria,
CA) or activated microglia (ionized calcium-binding adaptor
molecule 1, Iba-1, 1:500; Wako Chemicals USA, Richmond,
VA). After rinsing, sections were incubated with secondary
antibodies for 1h: Rhodamine RedTX-conjugated goat anti-
rabbit antibody (for GFAP, 1:200; Jackson ImmunoReasearch,
West Grove, PA) or Alexa Fluor 488 goat anti-rabbit antibody
(for Iba-1, 1:200; Invitrogen, Carlsbad, CA). The fluorescence
images were captured by using appropriate filters with a
fluorescence microscope (Nikon ECLIPSE TE-2000-S).

Detection of DNA fragmentation. To identify cells un-
dergoing DNA fragmentation, we performed the terminal
deoxynucleotidyl transferase dUTP nick-end labeling (TU-
NEL) assay (DeadEnd Fluorometric TUNEL System; Prome-
ga, Madison, WI) and multicolor immunohistochemical
detection for TH, GFAP, or Iba-1 on brain sections obtained on
Day 1. Subsequent to visualization of the fragmented DNA by
using the fluorescent TUNEL method, sections were incu-
bated in 10% normal goat serum and 0.40% Triton X-100 in
PBS for 1h. The primary antibodies for TH, GFAP, or Iba-1
(1:100 for all three) were applied and incubated overnight at
4°C. After rinsing, sections were incubated with the biotiny-
lated goat anti-rabbit IgG antibody for 1h followed by Texas
red-Avidin D (Vector Laboratories, Burlingame, CA) for 1h.
Sections were mounted with Vectashield mounting medium
containing 4’,6-diamidino-2-phenylindole (DAPI) (Vector
Laboratories) and observed by using a fluorescence micro-
scope with appropriate filters.

Immunoblotting

To determine TH protein levels, substantia nigra and
striatum were dissected from mice treated with saline (1 =5),
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mice treated with MPTP and breathed air (n =5), and mice
treated with MPTP and breathed H,S (n =4) and frozen on
Day 7 and homogenized in lysis buffer [50 mM Tris-HCI (pH
7.4), 150 mM NaCl, 1% Triton X-100, 1 mM EDTA, 2 mM so-
dium vanadate, 1 mM DTT, 5 uM Trichostatin A, 10 mM nic-
otinamide and Protease Inhibitor Cocktail (Sigma-Aldrich, St.
Louis, MO)]. Protein samples (15 g/lane) were subjected to a
standard tris-glycine SDS-polyacrylamide gel electrophoresis
(10%) with a Mini-Protean System (Bio-Rad, Hercules, CA)
and were electrophoretically transferred to a polyvinylidene
difluoride membrane. The membranes were soaked in
blocking buffer (1% nonfat dry milk in TBS) for 1h and in-
cubated overnight at 4°C with the primary rabbit anti-TH
antibody (1:50,000; Millipore), and then incubated with
horseradish peroxidase-labeled anti-rabbit IgG antibody
(1:75,000; GE Healthcare, Waukesha, WI) for 1h at room
temperature. Immunoreactive bands were detected with
Amersham ECL Advanced Western Blotting Detection Kit
(GE Healthcare). GAPDH was visualized with the specific
antibody (1: 75,000; Trevigen, Gaithersburg, MD) on the
identical membrane after stripping of anti-TH antibody.
Densitometric analysis of the results was carried out with NIH
Image software (version 1.62).

Measurements of gene expression

Total RNA was extracted from substantia nigra and stria-
tum of mice at baseline (1 =9), mice treated with MPTP and
breathed air (n=7), and mice treated with MPTP and
breathed H,S (1 =7) on Day 1 by using the Illustra RNA spin
Mini kit (GE Healthcare), and cDNA was synthesized by us-
ing MMLV-RT (Promega). Glutathione S-transferase A4 (GST
A4), glutathione S-transferase Mul (GST Mul), NAD(P)H
quinone oxidoreductase-1 (NQO1), heme oxygenase-1 (HO-
1), glutamate-cysteine ligase catalytic subunit (GCLC), and
18S ribosomal RNA transcript levels were measured with
real-time PCR by using a Realplex 2 system (Eppendorf,
Westbury, NY). Primers used were as follows: GST A4 (5'-
TGATTGCCGTGGCTCCATTTA-3, 5-CAACGAGAAAAG
CCTCTCCGT-3'), GST Mul (5'-GTCAGTCCTGCTGAAGC
CAG-3, 5-TGGCTTCTGTCAAAGTCGGG-3'), NQO1 (5'-
AGGATGGGAGGTACTCGAATC-3, 5-AGGCGTCCTTCC
TTATATGCTA-3), HO-1 (5-AAGCCGAGAATGCTGAG
TTCA-3, 5-GCCGTGTAGATATGGTACAAGGA-3'), GCLC
(5-GGACAAACCCCAACCATCC-3, 5-GTTGAACTCAGA
CATCGTTCCTC-3'), and 185 rRNA (5-CGGCTACCACAT
CCAAGGAA-3, 5-GCTGGAATTACCGCGGCT-3'). Chan-
ges in the relative gene expression normalized to levels of 185
rRNA were determined by using the relative Cr method. The
mean value of samples from control mice was set as 1.

Glutathione assay

Tissue levels of reduced glutathione (GSH) and oxidized
glutathione (GSSG) were measured in the substantia nigra
and striatum of mice at baseline (control; n=4) and 1, 3,
and 7 days after MPTP administration in mice treated with
MPTP and breathed air (n=5, 4, and 7, respectively), and
in mice treated with MPTP and breathed H,S (n=35, 5,
and 7, respectively) by using a commercially available
kit (Cayman Chemical) according to the manufacturer’s
recommendation.
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Statistical analysis

All data are expressed as mean + SEM. Normally distrib-
uted data were analyzed with the one-way analysis of vari-
ance (ANOVA) with Bonferroni or Newman-Keuls post hoc
test. Percentages of TUNEL-positive cells were compared
with the Mann-Whitney U test because the values are not
normally distributed. StatView software (Abacus Concepts,
Berkeley, CA) was used for statistical analyses.

Results

Effects of administration of MPTP and H>S
inhalation on body temperature

Administration of MPTP markedly decreased body tem-
perature in all mice without or with H,S breathing to a similar
extent on Day 0 (Fig. 2). Although H,S inhalation decreased
body temperature on Day 1 and 2, a hypothermic response to
H,S breathing was not observed after Day 3 to Day 6.

Inhaled H»S prevented movement disorder
induced by MPTP

Open-field test. MPTP treatment decreased the distance
moved and the number of rearing activity compared with the
saline-treated controls (Fig. 3A and B). Inhaled H,S prevented
the reduction of locomotion and rearing activity on Day 7
(p <0.05 vs. MPTP for both).

Rotarod test. Administration of MPTP reduced the du-
ration of time that mice were able to stay on the rotarod
compared with the saline controls (96 4= 11 sec vs. 136 & 12 sec;
p <0.05). Mice that breathed H,S exhibited no motor im-
pairment assessed by the rotarod on Day 7(p < 0.05 vs. MPTP;
Fig. 3C).
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FIG. 2. Change of body temperature after MPTP admin-
istration. Open circle, MPTP, mice that breathed air, treated
with MPTP (n=3). Solid square, MPTP + H,S, mice treated
with MPTP that breathed H,S (1 =5). Day 0 is the day when
MPTP was administered to mice. Pre, body temperature of
mice before breathing H,S or air in the experimental cham-
ber; post, body temperature of mice immediately after
breathing H,S or air in the chamber. *p < 0.05 vs. MPTP.
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FIG. 3. Results of behavioral tests performed at 7 days
after administration of MPTP or saline. Results of Distance
moved (A) and Rearing times (B) in the Open-field test are
shown as a percentage of the values in saline-treated control
mice. (C) Latency to fall in the Rotorod test is shown in
seconds. (D) Immobility times in the Tail-suspension test are
shown in seconds. Control indicates saline-treated mice;
MPTP, mice treated with MPTP; MPTP + H,S, mice treated
with MPTP and inhaled H,S. n=7 to 9 in each group in all
tests. *p < 0.05 vs. control. #p < 0.05 vs. MPTP.

Tail-suspension test. Administration of MPTP markedly
increased the immobility time during a 5-min period com-
pared with saline controls (155+10sec vs. 754+12 sec;
p <0.05). Inhalation of H,S prevented the increments of im-
mobility time on Day 7 (p < 0.05 vs. MPTP; Fig. 3D).

Inhaled H2S protected dopaminergic
neurons from MPTP toxicity

Immunohistochemistry revealed a marked loss of TH im-
munoreactivity in striatum and substantia nigra 7 days after
administration of MPTP in mice that breathed air. In contrast,
H.S inhalation for 7 days prevented the loss of TH in striatum
and substantia nigra (Fig. 4A). These observations were con-
firmed with immunoblot analysis that demonstrated loss of
TH in striatum and substantia nigra of mice that breathed air,
but not in mice that breathed H,S, 7 days after MPTP ad-
ministration (Fig. 4B).

Inhaled H,S protected nigrostriatal neurons
from apoptosis induced by MPTP

Administration of MPTP increased the number of apoptotic
cells in substantia nigra 1 day after MPTP administration, as
indicated by the presence of TUNEL-positive nuclei (Fig. 5A—
D). In contrast, H,S inhalation prevented the MPTP-induced
apoptosis (Fig. 5E-H). Immunofluorescence double labeling
demonstrated that the TUNEL-positive nuclei were found
exclusively in substantia nigra, especially in the area where
TH-positive neurons reside (Fig. 5D, H, and I). Although the
majority of the TUNEL-positive nuclei did not overlie with
TH-positive neurons (Fig. 5D, H-J), triple labeling with TU-
NEL, TH, and DAPI showed that a small number of TH-
positive neurons contained a TUNEL-positive nucleus (Fig. 5]
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FIG. 4. Representative staining and immunoblots. (A)
Representative immunohistochemical staining of TH-
positive neurons in mice obtained 7 days after administra-
tion of MPTP or saline in striatum and substantia nigra.
(B) Representative immunoblots showing expression of
TH in the striatum and substantia nigra of mice 7 days af-
ter administration of MPTP or saline. Relative TH levels
were quantitated by dividing the TH immunoreactivity by
GAPDH immunoreactivity and normalized to values of
control mice; n=4-5 in each group. *p <0.05 vs. control.
#p <0.05 vs. MPTP. (To see this illustration in color the
reader is referred to the web version of this article at
www liebertonline.com/ars).

and K). These observations suggest that at least a part of
TH-positive neurons died through apoptosis. Inhaled H,S
markedly attenuated the MPTP-induced increase of TUNEL-
positive cells, as indicated by the changes in the ratio between
TUNEL-positive (green fluorescent) nuclei and DAPI-positive
(blue) nuclei (9 +2 vs. 3 +1%; p < 0.05; Fig. 6).

Further to identify the cell types undergoing apoptosis in
substantia nigra after MPTP administration, we stained
brain sections with antibodies against GFAP (activated as-
trocytes) or Iba-1 (activated microglia) after TUNEL assay.
Double labeling with TUNEL and GFAP revealed that
GFAP-positive activated astrocytes did not overlie with any
TUNEL-positive nuclei (Fig. 7A). Conversely, double label-
ing with TUNEL and Iba-1 revealed that many TUNEL-
positive nuclei were enveloped by Iba-1-positive activated
microglia (Fig. 7B). In fact, triple labeling with TUNEL, Iba-1,
and DAPI showed that majority of TUNEL-positive nuclei
were distinct from nuclei of microglia (Fig. 7C), suggesting
phagocytosis of apoptotic neurons by activated microglia.

347

Taken together, these observations suggest that MPTP in-
duced apoptosis of TH-positive neurons in substantia nigra,
and apoptotic neurons were phagocytosed by activated
microglia.

Inhaled H»S prevented glial cell activation
induced by MPTP

Immunofluorescence staining demonstrated few acti-
vated microglia and astrocytes in substantia nigra and
striatum of saline-treated mice (Fig. 8A, D, G, and J). In
contrast, MPTP increased the number of activated microglia
and astrocytes in substantia nigra on Day 1 (Fig. 8B and E). In
striatum, the number of activated microglia increased on
Day 1 (Fig. 8H), and the number of activated astrocytes in-
creased on Day 7 after MPTP injection (Fig. 8K). Inhaled H,S
prevented the activation of both microglia and astrocytes in
substantia nigra and striatum after MPTP administration
(Fig. 8C, F, I, and L).

Inhaled H»S upregulated detoxifying enzymes
and antioxidant proteins in nigrostriatal region of the brain

To begin to explore the molecular mechanisms responsible
for the neuroprotective effects of inhaled H,S, we measured
expression levels of genes encoding antioxidant proteins and
phase II detoxification enzymes that are regulated by Nrf2
(20). Administration of MPTP did not affect expression of GST
Mul, NQO1, and HO-1 but decreased expression of GST A4
and GCLC (Fig. 9). Inhalation of H,S increased gene expres-
sion of all five genes compared with mice that received MPTP
without H,S breathing on Day 1 (p < 0.05 vs. MPTP for all five
genes). These results suggest that H,S inhalation conferred
neuroprotection against MPTP toxicity via upregulation of
detoxification enzymes and antioxidant proteins.

Reduced glutathione levels in the brain
were not modified by MPTP or H,S inhalation or both

Administration of MPTP with or without H,S inhalation
did not significantly affect levels of reduced glutathione
(GSH) and the ratio of reduced and oxidized glutathione ratio
(GSH/GSSG) in striatum and substantia nigra on Days 1, 3,
and 7 (Table 1).

Discussion

The current study revealed that inhalation of H,S at 40 ppm
for 8h/day for 7 days prevented MPTP-induced neurode-
generation and movement disorder in a mouse model of PD.
The neuroprotective effects of H,S inhalation were associated
with marked attenuation of the MPTP-induced loss of TH-
containing neurons in substantia nigra and striatum. Breath-
ing H,S prevented apoptosis and gliosis in substantia nigra 1
day after MPTP administration. The neuroprotective effects of
H,S breathing were associated with upregulation of antioxi-
dant proteins and phase II detoxification enzymes in the ni-
grostriatal region of the brain. Taken together, these
observations suggest that inhaled H,S confers protection
against the neurotoxicity of MPTP in mice. Our results sug-
gest that the neuroprotection afforded by inhaled H,S is me-
diated at least in part by Nrf2-dependent upregulation of
antioxidant defense mechanisms.
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Neuroprotective effects of H,S donors (i.e., NaHS and
Na,S) have been reported in vitro and in vivo in a variety of
animal models (16, 17). In particular, a recent report by Hu
and colleagues (12) demonstrated neuroprotective effects of
NaHS in rat models of PD induced by 6-OHDA or rotenone.
The current results support the neuroprotective effects of H,S
and extend the findings of Hu and colleagues in several as-
pects. Neuroprotection by the inhalation of authentic H,S
observed in our study lends support that the salutary effects
observed after administration of NaHS in the Hu study were
actually mediated by H,S. A solution of NaHS has been found
to include polysulfides and elemental sulfur in addition to
H_S (6). Unlike other toxins, MPTP induces symptoms virtu-
ally identical to those of idiopathic PD in humans and directly
elicits a specific intoxication of dopaminergic neurons (18).
Therefore, the observation that inhaled H,S prevents MPTP-
induced neurodegeneration has important clinical implica-
tions. Conversely, toxin-induced acute models of PD were
used in both of these studies. Parkinson’s disease is charac-
terized by the slowly progressive movement disorder. The
therapeutic potential of H,S remains to be examined in more
chronic and progressive animal models of PD induced by
genetic modifications.

We previously reported that the neuroprotective effects of
Na,S after cardiac arrest and CPR were associated with inhi-
bition of caspase-3 activation in the brain (23). Similarly, in the
current study, we observed that H,S inhalation markedly at-
tenuated apoptosis of neurons in substantia nigra 1 day after
MPTP administration. Our multicolor immunohistochemical
studies revealed that at least a part of the TH-positive neurons
die through apoptosis after MPTP administration. Although
the number of TH-positive and TUNEL-positive neurons ap-
pears to be small compared with the TH-negative and TU-
NEL-positive cells in the substantia nigra 1 day after MPTP
administration (see Fig. 5), it is possible that apoptotic dopa-
minergic neurons may be quickly phagocytosed, losing TH
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FIG. 5. Representative pho-
tomicrographs of brain sec-
tions containing substantia
nigra. These were obtained
from mice 1 day after admin-
istration of MPTP without
H,S (MPTP, A-D, I-K) or
MPTP with H,S breathing
(MPTP + H,S, E-H). Sections
were subjected to the TUNEL
assay (green) and stained with
DAPI (blue) and anti-TH (red)
antibody. Size bar=100um
for A-H, 200 um for I, and
5 um for J and K. White arrows
in J and K, a TH-positive
neuron containing TUNEL-
positive nuclei. (To see this
illustration in color the
reader is referred to the web
version of this article at www
Jiebertonline.com/ars).

positivity (see Fig. 7B and C). Our observation that TUNEL-
positive neurons were almost exclusively found in substantia
nigra also suggests that the majority of TH-positive neurons
underwent apoptosis after MPTP administration. Taken to-
gether, these observations suggest that inhaled H,S prevented
MPTP-induced neurodegeneration, at least in part by in-
hibiting apoptosis of dopaminergic neurons.

Inhaled H,S also prevented the activation of microglia in
substantia nigra and striatum 1 day after MPTP adminis-
tration (see Figs. 7 and 8). Neuroinflammation has been
suggested to play an important role in the pathogenesis of
neurodegenerative diseases (9). It is conceivable that MPTP-
induced apoptosis in a small number of vulnerable neurons
in substantia nigra triggered glial activation by sending
“danger” signals. Nonetheless, because the loss of TH-
positive dopaminergic neurons did not become apparent in
our histologic assessment until 7 days after administration of
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FIG. 6. The percentages of TUNEL-positive cells in all
cells (DAPI-positive) in substantia nigra. The percentages
of TUNEL-positive cells were counted in four brain sections
obtained from three mice in each experimental group.
*p <0.05 vs. MPTP.
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FIG. 7. Representative photo-
micrographs of brain sections 1
day after MPTP administration
without H,S breathing. (A) Dou-
ble labeling with TUNEL (green)
and GFAP (astrocytes, red). Size
bar=5um. (B) Double labeling
with TUNEL (green) and Iba-1
(microglia, red). (C) Triple labeling
with TUNEL (green), Iba-1 (red),
and DAPI (blue). Size bar =2.5 yum
for B and C. White arrows, TUNEL-
positive nuclei, and pink arrows,
nuclei of microglia distinct from
the TUNEL-positive nuclei. (To see
this illustration in color the reader : L T o
is referred to the web version of |IECAKISIN TUNEL/ TUNEL/ I
this article at www.liebertonline

.com/ars).

MPTP (see Fig. 4), it is likely that inhibition of gliosis administration (5). In the current study, we found that
by inhaled H,S contributed to the neuroprotective effects the neuroprotective effects of inhaled H,S are associated
of H,S. with Nrf2-dependent upregulation of antioxidant and

The protective impact of Nrf2-dependent signaling has  detoxification proteins. These observations are in line with a
been reported in mouse models of PD induced by MPTP  recent article in which Calvert and colleagues showed that

Control MPTP MPTP+H,S

SN1

Iba-1

FIG. 8. Representative immunofluores-

cence staining. The staining was for Iba-1
(microglia, green) and GFAP (astrocytes,

red) in substantia nigra (SN) and striatum SN1
(STR) of saline-treated control mice (Control,

A, D, G, and J), mice treated with MPTP that
breathed air (MPTP, B, E, H, and K), and

mice treated with MPTP that breathed H,S
(MPTP +H,S, C, F, I, and L). These sections

were obtained from mice 1 day (SN1 and

STR1) or 7 days (STR7) after administration

of MPTP or saline. (To see this illustration in

color the reader is referred to the web ver- STR1
sion of this article at www.liebertonline
.com/ars).

Iba-1

STR7
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H,S confers cardioprotection against ischemia-reperfusion
via upregulation of Nrf2-dependent signaling (4). Con-
versely, we did not observe significant changes of GSH levels
in the tissue homogenates of striatum and substantia nigra 1,
3, and 7 days after administration of MPTP with or without
H,S inhalation. Although these results do not support an
important role for GSH in the neuroprotective effects of H,S
inhalation in our model, it is possible that GSH levels change
only in a subgroup of cells in substantia nigra or striatum
that were not detectable with the current method. Further
studies are needed to define the molecular mechanisms
responsible for the neuroprotective effects of H,S breathing
in PD.

Organ-protective effects of inhaled H,S have generally
been attributed to its ability to induce hypothermia in rodents.
For example, Florian and colleagues (7) reported that sus-
tained (48h) deep hypothermia induced by H,S breathing
reduced cerebral-infarct volume in rats after focal ischemia
(7). In the current study, administration of MPTP alone re-
duced the body temperature of mice on Day 0, and H,S
breathing did not further decrease the body temperature.

TaBLE 1. GLUTATHIONE LEVELS IN BRAIN

GSH GSH/GSSG ratio

Group (% of control) (% of control)
Control 100+ 3 100+ 6

Day 1 MPTP 95+2 96+ 10
Day 1 MPTP + H,S 91+3 9349

Day 3 MPTP 93+6 91+6

Day 3 MPTP + H,S 90+4 8445

Day 7 MPTP 100+3 89+7

Day 7 MPTP + H,S 94+3 8247

Values are expressed as mean & SEM.

Control indicates saline-treated mice; MPTP, mice treated with
MPTP; MPTP + H,S, mice treated with MPTP and inhaled H,S; Day
1, 1 day after MPTP treatment; Day 3, 3 days after MPTP treatment;
Day 7, 7 days after MPTP treatment; GSH, reduced glutathione; and
GSSG, oxidized glutathione. GSH and GSH/GSSG levels were
normalized to values of control mice (%). No significant difference in
GSH and GSH/GSSG ratio was found between time points and
treatments; 7 =4-7 in each group.

-
@

.0

n

=
o
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NQO1 FIG. 9. Relative gene-expression
levels in substantia nigra and stria-
tum from mice 1 day after MPTP
administration. Control, saline-
treated mice; MPTP, mice treated
with MPTP; MPTP + H,S, mice trea-
ted with MPTP and inhaled H,S.
Gene expression was normalized to
185 rRNA expression level, and the
mean values for control mice were set
to 1. GST A4, glutathione S-transfer-
ase A4; GST Mul, glutathione S-
# transferase Mul; NQO1, NAD(P)H
quinone oxidoreductase-1, HO-I,
heme oxygenase-1; GCLC, gluta-
mate-cysteine ligase catalytic sub-
unit. n ="7-9 in each group. *p < 0.05
vs. control; #p < 0.05 vs. MPTP.

Control MPTP  MPTP+H,S

MPTP+H,S

Although inhalation of H,S decreased the body temperature
of mice for 8h each on Day 1 and 2 compared with MPTP
alone, mice rapidly developed tolerance by Day 3 and ex-
hibited no hypothermic response to inhaled H,S thereafter. It
is possible that this brief period of hypothermia contributed to
the neuroprotective effects of H,S inhalation. However, it is
likely that inhaled H,S conferred its ameliorating effects via
other mechanisms unrelated to hypothermia, given the pro-
tracted time course of neurodegeneration induced by ad-
ministration of MPTP.

Limitations

Although we attempted to measure total sulfide levels in
plasma and brain tissue homogenates of mice that breathed
H.S for 8 h by using the “methylene blue formation method,”
we were not able to detect any changes in total sulfide levels in
a reproducible manner. Whereas a number of studies used the
“methylene blue formation method” and reported “H,S lev-
els” in tissue and plasma [reviewed in (25)], the accuracy of
such measurements has been questioned (8, 15, 31). Because
we did not have access to more-accurate methods to measure
H_S at this point (e.g., gas chromatography), we did not fur-
ther pursue measurements of tissue H,S levels in the current
study. Inhaled H,S may be transported to peripheral organs
(e.g., brain) and directly confer protection against a variety of
stresses (e.g., inflammation or apoptosis). Alternatively, in-
haled H,S may modify blood-borne cells (e.g., leukocytes) or
humoral factors (e.g., cytokines) as they pass through the
pulmonary circulation, thereby indirectly attenuating the
impact of stressors on peripheral tissues. To elucidate how
exogenous H,S affects the integrity of peripheral tissues under
stress, it is mandatory to determine accurately the impact of
exogenously administered H,S on plasma and tissue levels of
H,S in vivo. The lack of such data is a major limitation of the
current study.

In conclusion, the current study demonstrates that inhala-
tion of H,S prevents MPTP-induced neurodegeneration and
movement disorder in mice. We also observed that the neu-
roprotective effects of inhaled H,S are associated with upre-
gulation of Nrf2-dependent antioxidant and detoxification
proteins in the brain. Potential therapeutic effects of H,S in-
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halation remain to be examined in genetically induced chronic
models of PD in future studies.
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Abbreviations Used

3MST = 3-mercaptopyruvate sulfurtransferase
6-OHDA = 6-hydroxydopamine
CBS = cystathionine f-synthase
CPR = cardiopulmonary resuscitation
CSE = cystathionine y-lyase
DAB = diaminobenzidine tetrahydrochloride
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DAPI = 4’,6-diamidino-2-phenylindole
DTT = dithiothreitol
EDTA = ethylenediaminetetraacetic acid
GAPDH = glyceraldehyde 3-phosphate dehydrogenase
GCL = glutamate-cysteine ligase
GCLC = glutamate-cysteine ligase catalytic subunit
GFAP = glial fibrillary acidic protein
GSH = glutathione
GSSG = oxidized glutathione, glutathione disulfide
GST = glutathione S-transferase
H,S = hydrogen sulfide
HO-1 = heme oxygenase-1
Iba-1 = ionized calcium-binding adaptor molecule 1
MPP + = 1-methy-4-phenylpyridinium ion
MPTP = 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine
Na,S = sodium sulfide
NaHS = sodium hydrosulfide
NQO1 = NAD(P)H quinone oxidoreductase-1
Nrf2 = nuclear-factor-E2-related factor-2
PBS = phosphate-buffered saline
PD = Parkinson’s disease
SDS = sodium dodecyl sulfate
SN = substantia nigra
STR = striatum
TBS = tris-buffered saline
TH = tyrosine hydroxylase
TUNEL = terminal deoxynucleotidyl transferase dUTP
nick-end labeling




