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Abstract

Aims: The mutual interactions between reactive oxygen species, airway inflammation, and alveolar cell death
play crucial role in the pathogenesis of chronic obstructive pulmonary disease (COPD). In the present study, we
investigated the possibility that hydrogen sulfide (H,S) donor sodium hydrosulfide (NaHS) might be a novel
option for intervention in COPD. Results: We used a mouse model of tobacco smoke (TS)-induced emphysema.
Mice were injected with H,S donor NaHS (50 umol/kg in 0.25 ml phosphate buffer saline, intraperitoneally) or
vehicle daily before exposed to TS for 1h/day, 5 days/week for 12 and 24 weeks. We found that NaHS
ameliorated TS-induced increase in mean linear intercepts, the thickness of bronchial walls, and the numbers of
total cell counts as well as neutrophils, monocytes, and tumor necrosis factor « in bronchial alveolar lavage.
Moreover, NaHS reduced increases in right ventricular systolic pressure, the thickness of pulmonary vascular
walls, and the ratio of RV/LV+S in TS-exposed mice. Further, TS exposure for 12 and 24 weeks reduced the
protein contents of cystathionine y-lyase (CGL), cystathionine f-synthetase (CBS), nuclear erythroid-related
factor 2 (Nrf2), P*™*7>-Akt, as well as glutathione/oxidized glutathione ratio in the lungs. TS-exposed lungs
exhibited large amounts of 8-hydroxyguanine-positive and terminal deoxynucleotidyl transferase dUTP nick
end labeling-positive cells. Treatment with NaHS increased P**"*”>-Akt and attenuated TS-induced reduction of
CGL, CBS, and Nrf2 as well as glutathione/oxidized glutathione ratio in the lungs. NaHS also reduced amounts
of 8-hydroxyguanine-positive, terminal deoxynucleotidyl transferase dUTP nick end labeling-positive cells and
active caspase-3 in TS-exposed lungs. Additionally, knocking-down Akt protein abolished the protective effects
of NaHS against TS-induced apoptosis and downregulation of Nrf2, CGL, and CBS in pulmonary artery en-
dothelial cells. Conclusion: These results indicate that NaHS protects against TS-induced oxidative stress, airway
inflammation, and remodeling and ameliorates the development of emphysema and pulmonary hypertension.
H,S donors have therapeutic potential for the prevention and treatment of COPD caused by TS. Antioxid. Redox
Signal. 15, 2121-2134.

Introduction Innovation

Hydrogen sulfide (H,S) plays a pivotal role in vasodi-
lation and endothelial angiogenesis and protects against
oxidative injuries and inflammation. However, its role in
the pathogenesis of chronic obstructive pulmonary disease
is not known. This study indicates that H,S donor NaHS
reduces tobacco smoke-induced oxidative stress and air-
way inflammation and remodeling and ameliorates the
development of emphysema and pulmonary hyperten-
sion. These protective effects are associated with increased
Akt phosphorylation and prevention of downregulation of
antioxidant molecules such as Nrf2.

HRONIC OBSTRUCTIVE PULMONARY DISEASE (COPD) is

termed for chronic bronchitis, emphysema, and cor pul-
monale. Tobacco smoking is the leading cause of COPD. The
pathogenesis of COPD is not fully understood but is attrib-
uted to the mutual interaction between reactive oxygen spe-
cies (ROS), airway inflammation, and alveolar cell death (22).
Tobacco smoking induces the production of enormous
amounts of ROS, which are released from activated inflam-
matory cells, including neutrophils, eosinophils, macro-
phages, or structural cells like epithelial cells in COPD (26, 36).
Tobacco smoke (TS) per se also contains large numbers of ROS
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(14). Oxidative stress occurs when ROS are produced in excess
of the antioxidant capacity. Oxidative stress directly damage
cellular components such as lipids, proteins, and DNA, which
result in lung cell death, activation of metalloproteases, deg-
radation of extracellular matrix, and loss of alveolar unit (4,
11). Oxidative stress also induce inflammatory response in the
terminal airway causing squamous and mucous metaplasia of
the epithelium, smooth muscle hypertrophy and prolifera-
tion, bronchial wall remodeling, and fibrosis, as well as mu-
cosal thickening and mucus hypersecretion (4).

Hydrogen sulfide (H,S), a gaseous molecule, has recently
been considered the third member of the gaseotransmitter
family, along with nitric oxide and carbon monoxide (37).
Immerging evidence has revealed that H,S plays a pivotal role
in a variety of physiological and pathological processes. H,S
has been shown to cause vasodilation and reduce blood
pressure (23, 42). Endogenous and exogenous H,S stimulates
endothelial angiogenesis (30). H,S donors protect cells from
oxidative injuries caused by ischemia/reperfusion injury (13)
and glutamate toxicity (21) and exert anti-inflammatory ef-
fects (15). HS is generated endogenously in mammalian cells
from L-cysteine mainly by two enzymes, cystathionine y-lyase
(CGL) and cystathionine f-synthetase (CBS). CGL is the major
enzyme producing H,S in the cardiovascular and respiratory
system and CBS is mainly responsible for H,S production in
the nervous tissue (10, 37).

Several reports indicate that H,S is involved in respiratory
processes and diseases, although the mechanisms for these
effects have not been completely defined. For example,
Aslami et al. (3) and Faller et al. (16) have shown that H,S
donor sodium hydrosulfide (NaHS) and inhaled H,S protect
against ventilator-induced acute lung injuries. Chen et al. (8)
found that endogenous H,S reduces airway inflammation
and remodeling in a rat model of asthma. Further, Li ef al. (24)
and Chunyu et al. (10) reported that NaHS and endogenous
H.S prevent the elevation of pulmonary arterial pressure and
pulmonary vascular remodeling induced by chronic hypoxia
and high pulmonary blood flow. More interestingly, Chen
et al. (9) reported that serum H,S levels are significantly lower
in patients with acute exacerbation of COPD than those with
stable COPD. Moreover, serum H,S level is much lower in
smokers than non-smokers (9). These observations led us to
speculate that H,S may play a protective role in the patho-
genesis of COPD. In the present study, we explored the pos-
sibility that H,S donor NaHS might be a novel option for
intervention in COPD using a mouse model of TS-induced
emphysema. We found that NaHS reduces TS-induced oxi-
dative stress and airway inflammation and remodeling, and
ameliorates the development of emphysema and pulmonary
hypertension. These protective effects are associated with
increased Akt phosphorylation and prevention of down-
regulation of anti-oxidant molecules such as nuclear erythroid-
related factor 2 (Nrf2).

Materials and Methods
Mouse model of TS exposure

Eight-week-old male C57BL/6 mice were purchased from
the Jackson Laboratory. All experiments were performed in
accordance with the guiding principles of the Guide for the Care
and Use of Laboratory Animals and approved by the Institutional
Animal Care and Use Committee of the Georgia Health Sci-
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ences University. The mice were divided into four groups:
vehicle + room air, vehicle+ TS, NaHS + room air, and NaHS +
TS. The mice were injected daily with vehicle (deoxygenated
phosphate buffer saline, 0.25ml) or NaHS (50 umol/kg in
0.25ml, intraperitoneally [i.p.]) 30 min before exposed to TS.
NaHS solution was prepared by dissolving NaHS (Sigma,
#161527) in deoxygenated phosphate buffer saline. Choosing
this dose was based on previous reports that i.p. injection of
NaHS in dose of 50 umol/kg has anti-inflammatory effect (41)
and protects against lung injuries induced by burn and inha-
lation of cotton-smoke (15). A whole-body smoke inhalation
system (Scireq Inc.) was used for TS exposure. Research ciga-
rettes 3R4F (University of Kentucky) were smoked at 1 puff
(35ml, 2s)/min and 10 puffs/cigarette. The mice were exposed
to a mixture of main stream and side stream TS at a schedule of
1h per day, 5 days per week for 12 or 24 weeks. The body
weight was measured every 4 weeks. Concentration of total
particle matter in exposure chamber was continuously
monitored. The levels of total particle matter were be-
tween 450 and 550 mg/m°>, which are similar to previously
reported level (32).

Measurement of right ventricular systolic pressure
and cardiac chamber size

Mice were anesthetized (pentobarbital, 90 mg/kg, i.p.) and
the trachea was intubated. The right external jugular vein was
surgically exposed and cannulated with a 1.4-F microtip pres-
sure transducer catheter (Millar Instruments). The transducer
was advanced into the right ventricle (RV), and the right ven-
tricular pressure was continuously monitored for 10 min. Heart
rates (300450 beats/min were deemed acceptable) and pres-
sure waveforms were monitored to ensure the validity of the
pressure measurements. Data were recorded using a PowerLab
data-acquisition System (AD Instruments). The mice were then
euthanized by using thoracotomy. The blood in pulmonary
circulation was rinsed by infusing PBS through pulmonary
artery and the heart and lungs were removed. The free wall of
the RV, left ventricle (LV), and septum (S) were then carefully
dissected and individually weighed to calculate the ratio of
RV/LV +S as an index of right ventricular hypertrophy as
described previously (29). The measurements of right ventric-
ular pressure were made about 1h after tobacco smoking.

Measurement of mean arterial pressure
and arterial blood gases

Mice were injected daily with vehicle (phosphate buffer
saline, 0.25ml) or NaHS (50 umol/kg in 0.25ml, i.p.) 30 min
before exposed to TS for 1h/day for 5 days. Following an-
esthesia, right femoral artery was cannulated with a catheter
filled with saline and heparin. The catheter was connected to a
pressure transducer (AD Instruments). Mean arterial pressure
was continuously monitored for 10 min. Then, 150 ul of blood
was drawn for the measurement of arterial blood gases using
GEM Premier 4000 Analyzer (Instrumentation Laboratory).
The measurements of arterial blood pressure and arterial
blood gases were made about 1h after tobacco smoking.

Lung morphometric analysis

One side of the lungs was removed and snap-frozen in
liquid nitrogen for preparing homogenates, and other sides of
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the lungs were filled with 4% paraformaldehyde solution
with 0.5% agarose at 25 cm H,O and fixed in 4% PFA for 24 h.
The fixed lungs were then sliced midsagittally and embedded
in paraffin. The slides of 7 um thickness were stained with
hematoxylin and eosin for morphometric analysis. 10 slides of
each lung were examined by Olympus BX41 microscope.
Olympus DP72 digital camera and Image] software were used
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to analyze slides. Alveolar enlargement and destruction were
quantified by the mean linear intercept (Lm) in 10 randomly
selected fields per slide. The Lm was obtained by dividing the
total length of lines drawn across the lung section by the total
number of intercepts encountered in 80 lines per each mouse
lung as described previously (25). To quantitate bronchial
wall thickness, the lumen area at the level of the basement
membrane and total bronchial area at the adventitial border in
10 bronchioles per lung section were outlined and area sizes
were measured using Image]. The bronchial wall thickness
was calculated as following: wall thickness = (total bronchial
area — lumen area)/total bronchial area. Similarly, to quanti-
tate pulmonary arterial wall thickness, the lumen area at the
level of the basement membrane, and total vascular area at the
adventitial border in 10 muscular arteries with diameter of
50-100 um per lung section were outlined, and area sizes were
measured using Image]. The vascular wall thickness was
calculated as following: wall thickness = (total vascular area —
lumen area)/total vascular area.

Immunofluorescence microscopy

Oxidative stress marker 8-hydroxyguanine (8-OHdG) and
apoptosis was assessed by immunofluorescence microscopy.
The slides of 7 um thickness were incubated first with a mouse
monoclonal antibody against 8-OHdG (sc-100583, 1:100 di-
lution; Santa Cruz Biotechnology) for overnight and then with
goat anti-mouse IgG Alexa Fuor 594 (Invitrogen). The slides
were sealed with mounting solution containing antifade re-
agent and DAPI and were examined using a Zeiss LSM 510
laser scanning confocal microscope. The results were ex-
pressed as the ratio of 8-OHdG-positive cell number to total
number of cells counted. At least 10 randomly selected fields
were counted for each slide.

Determination of cell death

The terminal deoxynucleotidyl transferase dUTP nick end
labeling (TUNEL)-based cell death assay was performed us-
ing ApopTag® Plus Fluorescein In Situ Apoptosis Detection
Kit from Millipore (S7111). The fluorescent staining was
examined using a Zeiss LSM 510 laser scanning confocal mi-
croscope. The results were expressed as the ratio of TUNEL-
positive cell number to total number of cells counted. At least
10 randomly selected fields were counted for each slide.

FIG. 1. H,S donor NaHS ameliorated tobacco smoke-
induced emphysema. Mice were injected daily with vehicle
or NaHS 30 min before exposed to tobacco smoke for 1h/day,
5 days/week for 12 weeks (A and B) or 24 weeks (C and D).
(A) Representative images of lung sections of mice exposed to
room air or tobacco smoke for 12 weeks. (B) Changes in
mean linear intercepts in the lung sections of mice exposed to
room air or tobacco smoke for 12 weeks. (C) Representative
images of lung sections of mice exposed to room air or tobacco
smoke for 24 weeks. (D) Changes in mean linear intercepts in
the lung sections of mice exposed to room air or tobacco smoke
for 24 weeks. Results are expressed as mean+SE; n=8 experi-
ments. *p<0.05 versus room air group with vehicle; **p <0.05
versus room air group with NaHS. *p <0.05 versus smoke group
with vehicle. H,S, hydrogen sulfide; NaHS, sodium hydro-
sulfide. (To see this illustration in color the reader is referred to
the web version of this article at www.liebertonline.com/ars).
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TaBLE 1. CeLL CoUNTS IN BRONCHIAL ALVEOLAR LAVAGE FLUID IN CONTROL AND SMOKED MICE TREATED
WitH AND WITHOUT SODIUM HYDROSULFIDE

12 weeks 24 weeks
Room air Smoke NaHS NaHS +smoke  Room air Smoke NaHS NaHS + smoke
Total cells (x10*/ml) 82+0.7 10.8+0.8° 7.8+0.6 8.0+0.7° 75+06 13.1+09° 85+0.8 8.8+0.74
Macrophages (%) 98.0+2.3 83+3.1* 98.5+3.6 98.3+3.8° 97.5+4.1 80.2+3.8° 98.0+4.5 97.0+4.2¢
PMN (%) 1.0+£03 6.2+0.8% 1.0+0.2 1.0+0.3° 1.5+04 8.4+0.6° 1.0+04 1.5+0.44
Monocytes (%) 1.0+£0.2 10.8+0.6> 0.5+0.07 0.7+0.08° 1.0+0.07 11.4+0.08° 1.0£0.05 1.5+0.06¢

Values are averages+SE (n=5).

ap<0.05 vs. room air group in 12 weeks.
Pp<0.05 vs. smoke group in 12 weeks.
€p<0.05 vs. room air group in 24 weeks.
9p<0.05 vs. smoke group in 24 weeks.

PMN, polymorphonuclear neutrophils; NaHS, sodium hydrosulfide.

Assay of active caspase-3

Active caspase-3 in lung homogenates was quantitated
using an ELISA kit from R&D Systems according to manu-
facturer’s instruction.

Analysis of bronchial alveolar lavage

In some lungs, bronchial alveolar lavage (BAL) was
collected in 1.0ml of PBS. The total cell numbers were
counted and leukocyte differential counts were performed for
macrophages, polymorphonuclear neutrophils, and mono-
cytes. In addition, tumor necrosis factor o (TNFe) levels in
BALF were determined using TNFx Quantikine ELISA Sys-
tem (R&D Systems) following manufacturer’s instruction.

Measurement of H>S content and H,S synthesis
in lung tissue

H,S contents in the lungs were measured by using zinc
acetate trapping and N,N-dimethyl-p-phenylenediamine re-
action as described previously by Xia et al. (39) with slight
modification. This method has been widely used for the
measurement of HyS in tissues (30, 33, 39), although there are
limitations as stated by Kabil and Banerjee (19). Using this
method, we were able to detect 1 uM NaHS solution. All so-
lutions were deoxygenated before experiment by passing
through nitrogen for 30 min. Lung tissues (20 mg) were ho-
mogenized in 0.2ml of zinc acetate (1%) and mixed with
0.25ml borate buffer (pH 10.1). Then, 0.25ml of N,N-
dimethyl-p-phenylenediamine (20 mM) and 0.25ml of FeCl;
(300mM) were added. Reaction tubes were immediately
sealed and incubated at 37°C for 30 min with shaking. After
incubation, the samples were centrifuged, and absorbance at
670nm was measured with a using a SpectraMax M2° spec-
trophotometer (Molecular Devices Corporation). The H,S
concentration was calculated against the calibration curve of
the standard NaHS solutions (1-1000 uM) prepared by dis-
solving NaHS (Sigma; #161527) in deoxygenated PBS.

To determine the capacity for H,S synthesis, lung tissues
were homogenized in 50 mM ice-cold phosphate buffer saline
(pH 7.4) containing protease and phosphatase inhibitors. The
tissue homogenates were mixed with L-cysteine (0 and 2 mM)
and pyridoxal 5”-phosphate (2 mM) at final volume of 0.25 ml
and incubated at 37°C for 90 min after the reaction tubes were
flushed with N, and sealed. The reactions were stopped by

adding 0.125ml trichloroacetic acid (50%) and then 0.125ml
of zinc acetate (15 mM) and 0.5 ml of borate buffer (pH 10.1).
The tubes were then incubated at 37°C for another 60 min. The
reaction mixtures were mixed with 0.5ml of N,N-dimethyl-
p-phenylenediamine sulfate (20mM) and 0.02ml of FeCl;
(3.0M) at 37°C for an additional 30 min and then centrifuged
at 5,000 g for 5min. Then, the supernatants were measured
for absorbance at 670nm. The capacity for H,S synthesis
was calculated by subtracting H,S concentration containing
L-cysteine by those without L-cysteine.

Analysis of reduced and oxidized glutathione content

The ratio of reduced to oxidized glutathione (GSSG) was
measured in lung tissue using kit GSH/GSSG-412 (OXIS
Research, Inc.) according to manufacturer’s instruction.

Western blot analysis

The lysate proteins from lung homogerates (20 to 40 ug)
were separated on a 4%—20% Tris-glycline SDS-PAGE and
electrophoretically transferred onto nitrocellulose membranes.
The membranes were incubated in blocking solution at room
temperature for 1-2h and then hybridized with primary anti-
bodies against CGL, CBS, Nrf2, and P*e¥73_ Akt and total Akt
(Santa Cruz Biotechnology) overnight at 4°C. The bands were
detected by an immunochemiluminescence method. The den-
sity was quantitated by Bio-Rad Quantity One Software.

Cell culture and TS exposure

Bovine pulmonary artery endothelial cells were purchased
from ATCC. Third- to eighth-passage cells were maintained in
Dulbecco’s modified Eagle’s medium containing 4% fetal
bovine serum and antibiotics (10 x/ml penicillin, 100 xg/ml
streptomyecin, 20 ug/ml gentamicin, and 2 ug/ml Fungizone)
and were used 2 or 3 days after confluence. Pulmonary artery
endothelial cells were transfected with control siRNA or siR-
NA against Akt for 48h. After being incubated with or
without NaHS (50 uM) for 30 min, cells were exposed to room
air or TS for 20 min using smoke inhalation system (Scireq Inc)
as described above. Research cigarettes 3R4F (University of
Kentucky) were smoked at 2 puff (35ml, 2s)/min and 10
puffs/cigarette to produce TS with total particle matter of
1,000 mg/ m?. Cells were then left in a CO, incubator for 24 h
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after which active caspapse-3 and protein contents of Nrf2,
CGL, and CBS were determined as described above.
Knocking-down of Akt protein

Akt protein was knocked down using siRNA against Akt
mRNA. The siRNA was obtained from Santa Cruz Bio-
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FIG. 3. NaHS inhibits tobacco smoke-induced increases
in TNFa in BAL of mouse lungs. Mice were injected daily
with vehicle or NaHS 30min before exposed to tobacco
smoke for 1h/day, 5 days/week for 12 weeks or 24 weeks.
BAL was collected in 1.0ml of PBS. After centrifugation,
TNFu levels in supernatants were determined as described in
the Materials and Methods section. *p <0.05 versus room air
with vehicle group; **p<0.05 versus room air group with
NaHS. *p<0.05 versus smoke group with vehicle. BAL,
bronchial alveolar lavage; TNFa, tumor necrosis factor o.

technology (#sc-29195). A negative control siRNA (#AM4611;
Applied Biosystems) was used as control. The sequences of
these siRNAs are not disclosed by the companies. Pre-
confluent pulmonary artery endothelial cells were transfected
with 1 ug of siRNA against Akt mRNA or a control siRNA
using RNAiFest transfection reagent (Qiagen) in Dulbecco’s
modified Eagle’s medium containing 4% fetal bovine serum
according to the manufacturer’s protocol. The ratio of siRNA
to transfection reagent was 1:3. 48h after transfection, and
cells were exposed to TS or room air.

Statistical analysis

Results are shown as the mean =+ SE for 11 experiments. One-
way analysis of variance and f-test analyses were used
to determine the significance of differences between the
means of different groups. p <0.05 was considered statistically
significant.

FIG. 2. NaHS reduces bronchial remodeling caused by
tobacco smoke. Mice were injected daily with vehicle or
NaHS 30 min before exposed to tobacco smoke for 1h/day, 5
days/week for 12 weeks (A and B) or 24 weeks (C and D).
(A) Representative images of lung sections of mice exposed
to room air or tobacco smoke for 12 weeks. (B) Changes in
ratio of wall area to total bronchial area in the lung sections
of mice exposed to room air or tobacco smoke for 12 weeks.
(C) Representative images of lung sections of mice exposed
to room air or tobacco smoke for 24 weeks. (D) Changes in
ratio of wall area to total bronchial area in the lung sections
of mice exposed to room air or tobacco smoke for 24 weeks.
Results are expressed as mean+*SE; n=8 experiments.
*p<0.05 versus room air; *p<0.05 versus smoke group with
vehicle. BR, bronchiole; PA, pulmonary arteriole. (To see this
illustration in color the reader is referred to the web version
of this article at www liebertonline.com/ars).
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TABLE 2. RIGHT VENTRICULAR SYSTOLIC PRESSURE AND RIGHT VENTRICULAR WEIGHT IN CONTROL AND SMOKED MICE
TREATED WiITH AND WITHOUT SODIUM HYDROSULFIDE

12 weeks 24 weeks
Room air Smoke NaHS NaHS +smoke ~ Room air Smoke NaHS NaHS + smoke
RVSP (mmHg) 19.5+2.8 24.2+25" 18.1£22 19.2+2.7° 19.4+21 272+27° 184+15 22.3+23%
RV (mg) 212419 26.8+2.8* 19.7+3.2 20.3+2.4° 225+28 294+26° 20.6+22 24.7+2 .49
RV/LVS 02140.02 026+0.03* 0.19+0.04 021£0.05° 022+0.02 029+0.04 0.1840.05 0.23+0.04%¢

Values are averages+SE (1n=8).

?p<0.05 vs. room air group in 12 weeks.
Pp<0.05 vs. smoke group in 12 weeks.
€p<0.05 vs. room air group in 24 weeks.
4p<0.05 vs. NaHS group in 24 weeks.
€p<0.05 vs. smoke group in 24 weeks.

RVSP, right ventricular systolic pressure; RV, right ventricular weight; LV +5, left ventricular weight plus septal weight.

Results
H,>S donor NaHS ameliorates TS-induced emphysema

To investigate the effects of H,S on the development of
emphysema, mice were injected daily with vehicle or NaHS
30 min before exposed to TS. As shown in Figure 1A and B, the
Lms in the lungs of mice exposed to smoke for 12 weeks are
much larger than those exposed to room air, suggesting that
TS induced emphysema in 12 weeks. The increase in Lms was
more evident in mouse lungs exposed to TS for 24 weeks (Fig.
1C, D). More importantly, the Lms in the lungs of mice re-
ceiving NaHS treatment were comparable between exposures
to TS and room air for 12 weeks (Fig. 1A, B). Moreover, ad-
ministrations of NaHS significantly reduced the increase in
the Lms of the lungs exposed to TS for 24 weeks (Fig. 1C, D).
Body weight gains were suppressed starting 12 weeks after
exposure to TS, and NaHS did not prevent TS-induced de-
crease in weight gain (Supplementary Fig. S1; Supplementary
Data are available online at www.liebertonline.com/ars).
Together, these results indicate that H,S donor NaHS ame-
liorated TS-induced emphysema.

NaHS attenuates inflammation and remodeling
of the airway

As shown in Table 1, exposure of mice to TS for 12 and 24
weeks caused increases in the total cell numbers in the BAL
fluid. The differential counts revealed that polymorphonu-
clear neutrophils and monocytes were increased in BAL of
mice exposed to TS exposure (Table 1). Moreover, expo-
sure of mice to TS for 12 and 24 weeks caused significant
increases in the thickness of bronchial walls (Fig. 2). NaHS
treatment attenuated the increases in TNFo levels (Fig. 3) and
the numbers of total cell counts as well as polymorphonu-
clear neutrophils and monocytes in BAL (Table 1) and
reduced the increases in the thickness of bronchial walls
(Fig. 2). These results suggest that NaHS suppresses the
inflammation in the airway and reduces bronchial re-
modeling caused by TS.

NaHS reduces TS-induced pulmonary hypertension
and vascular remodeling

As shown in Table 2, exposure of mice to TS for 12 and 24
weeks caused moderate increases in right ventricular systolic

pressure (RVSP). TS also increased the thickness of pulmo-
nary vascular walls (Fig. 4) and the ratio of RV/LV +S, an
index of right ventricular hypertrophy (Table 2). Further,
treatment with NaHS reduced the increases in RVSP, the
thickness of pulmonary vascular walls, and the ratio of RV/
LV +S in TS-exposed mice (Table 2 and Fig. 4).

Administration of NaHS for 5 days did not affect
systemic mean arterial pressure and arterial
blood gases

We determined the effect of NaHS on systemic mean ar-
terial pressure and arterial blood gases in mice exposed to TS.
As shown in Supplementary Figures S2 and S3, exposure to
TS and i.p. injection of NaHS for 5 days did not affect systemic
mean arterial pressure and arterial blood gases.

H,S contents and the capacity for H,S synthesis
in lung tissues

As illustrated in Figure 5A, treatment with NaHS caused
significant elevations of H,S contents in lung tissues. How-
ever, there is no significant difference in H,S contents in lung
tissues between mice exposed to room air and TS (Fig. 5A). To
determine whether NaHS and TS affect the capacity for H,S
synthesis, we measured the generation of H,S in lung ho-
mogenates in the presence of L-cysteine, the substrate of CGL
and CBS. We found that TS exposure for 12 and 24 weeks
decreased the synthesis of H,S (Fig. 5B). Further, treatment
with NaHS prevented the decrease in H,S synthesis in TS-
exposed mouse lungs (Fig. 5B).

NaHS suppresses lung oxidative stress and cell death
in TS-exposed mouse lungs

To determine the effects of TS exposure and NaHS on ox-
idative state, we measure GSH/GSSG ratio and 8-OHdG in
mouse lungs. We found that exposure to TS for 12 and 24
weeks significantly reduced GSH/GSSG ratio in mouse lungs
(Fig. 6A). Treatment with NaHS prevented the reduction of
GSH/GSSG ratio caused by TS (Fig. 6A). Consistent with
these data, mouse lungs exposed to TS for 12 and 24 weeks
contained large amounts of 8-OHdG, a marker for oxidative
stress, and treatment with NaHS attenuated the increases in
8-OHdG in cells of lungs exposed to TS (Fig. 6B-E). These
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results indicate that NaHS suppresses TS-induced lung oxi-
dative stress.

To evaluate whether NaHS-induced suppression of oxi-
dative stress influences TS-induced cell death, we performed a
fluorescence TUNEL assay. We found that exposure to TS for

A oom air

% vehicle

B 3
™ *
T 06 T
w
2
@ 0.4
[=]
-
2 0.2
(1]
=
= 00!
room air  smoke roomair smoke
12 weeks 12 weeks 12 weeks 12 weeks
vehicle NaHS
c Room air Smoke for 24 weeks
o F . wkf =
vehicle
0.8-
D 3 )
E -
A
"
S
8
3
o
o
]
=
room air smoke room air smoke
24 weeks 24 weeks 24 weeks 24 weeks
vehicle NaHS

2127

A 8- room air -
i S B smoke # g
S T 6
E=IT
£3
8 g 4
e
X
) 2
e i
| | 7 S ..
Vehicle NaHS Vehicle NaHS
12 weeks 24 weeks
B 0.4 {777 room air
Il smoke

H,S synthesis
(nmol/min/mg protein)

(=] (=]

N @

*

*

=
-
1

7

NaHS Vehicle NaHS
12 weeks 24 weeks

FIG.5. H,S contents and the capacity for H,S synthesis in
lung tissues. Mice were injected daily with vehicle or NaHS
30 min before exposed to tobacco smoke for 1h/day, 5 days/
week for 12 weeks, and 24 weeks after which H,S contents
(A) and the capacity for H,S synthesis (B) were determined
as described in the Materials and Methods section. Results
are expressed as mean + SE; n =8 experiments. *p <0.05 versus
room air for 12 weeks in vehicle group; **p<0.05 versus
smoke for 12 weeks in vehicle group; "p <0.05 versus room air
for 24 weeks in vehicle group; *p<0.05 versus smoke for 24
weeks in vehicle group.

12 and 24 weeks caused significant increases in TUNEL-
positive cells (Fig. 7A, B, D, and E) and decreases in total cell
numbers in the lungs (Fig. 7C, F). Treatment with NaHS
prevented the increases in TUNEL-positive cells and the de-
creases in total cell numbers in TS-exposed lungs (Fig. 7).

FIG. 4. Treatment with NaHS reduces pulmonary vascu-
lar remodeling caused by tobacco smoke. Mice were in-
jected daily for vehicle or NaHS 30min before exposed to
tobacco smoke for 1h/day, 5 days/week for 12 weeks (A and
B) or 24 weeks (C and D). (A) Representative images of lung
sections of mice exposed to room air or tobacco smoke for 12
weeks. (B) Changes in ratio of wall area to total vessel area in
the lung sections of mice exposed to room air or tobacco smoke
for 12 weeks. (C) Representative images of lung sections of
mice exposed to room air or tobacco smoke for 24 weeks. (D)
Changes in ratio of wall area to total vessel area in the lung
sections of mice exposed to room air or tobacco smoke for 24
weeks. Results are expressed as mean+SE; n=8 experiments.
*»<0.05 versus room air; “p<0.05 versus smoke group with
vehicle. (To see this illustration in color the reader is referred to
the web version of this article at www .liebertonline.com/ars).
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GSSG ratio (A) and 8-OHAG (B-E) were determined as described in the Materials and Methods section. (B) Representative
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weeks. (D) Representative images of 8-OHdG assay of lung sections of mice exposed to room air or tobacco smoke for 24
weeks. (E) Changes in ratio of 8-OHdG-positive cell number to total cell number in the lung sections of mice exposed to room
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These results indicate that NaHS suppresses TS-induced lung  Effects of NaHS and TS on the protein contents

cell death.

To determine whether the protective effect of NaHS against
TS-induced lung cell death occurs via caspase-3, we measured
active caspase-3 contents in lungs. As shown in Figure 8, ex-
posure to TS for 12 and 24 weeks caused significant increases
in active caspase-3 contents. Treatment with NaHS prevented
the increases in active caspase-3 (Fig. 8). These data indicate
that the protective effect of H,S against TS-induced lung cell
death or apoptosis occurs at the level of caspase-3.

of CGL, CBS, Nrf2, and P®™#73-Akt

To determine whether TS-induced inhibition of H,S syn-
thesis in lung tissues is due to decreases in the protein contents
of CGL and CBS, we measured the protein contents of CGL
and CBS. As shown in Figure 9, exposure to TS for 12 and 24
weeks reduced the protein contents of CGL and CBS. NaHS
administration prevented TS-induced decrease in CGL and
CBS (Fig. 9).
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FIG. 7. NaHS suppresses tobacco smoke-induced cell death in mouse lungs. Mice were injected daily with vehicle or
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TUNEL assay (A, B, D, and E) and total cell counting was performed as described in the Materials and Methods section. (A)
Representative images of TUNEL assay of lung sections of mice exposed to room air or tobacco smoke for 12 weeks. (B)
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deoxynucleotidyl transferase dUTP nick end labeling. (To see this illustration in color the reader is referred to the web version
of this article at www liebertonline.com/ars).

tein contents of P*"*3-Akt and prevented TS-induced de-
crease in Nrf2 (Fig. 9). Together, our data suggest that the

To determine whether the protective effect of H,S against
TS-induced oxidative stress is associated to Nrf2 and Akt

phosphorylation, we examined the protein contents of Nrf2
and P*™7-Akt in lung tissues. We found that exposure to TS
for 12 and 24 weeks reduced the protein contents of Nrf2 and
P73 Akt (Fig. 9). NaHS administration increased the pro-

protective effect of H,S against TS-induced oxidative stress is
attributable to inhibition of down-regulation of antioxidant
genes in lungs such as Nrf2 due to increased phosphorylation
of Akt.
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FIG. 8. NaHS inhibits tobacco smoke-induced increases
in active caspase-3 in mouse lungs. Mice were injected daily
with vehicle or NaHS 30min before exposed to tobacco
smoke for 1h/day, 5 days/week for 12 weeks or 24 weeks
after which active caspase-3 in lung homogenates was
quantitated as described in the Materials and Methods sec-
tion. *p<0.05 versus room air with vehicle group; **p<0.05
versus room air group with NaHS. *p<0.05 versus smoke
group with vehicle.

Knocking-down of Akt protein abolishes the protective
effects of NaHS against TS-induced apoptosis

and down-regulation of CGL, CBS, and Nrf2

in pulmonary artery endothelial cells

As shown in Supplementary Figure S4, incubation of pul-
monary artery endothelial cells with NaHS (10-50 uM) for
30 min resulted in increases in Akt phosphorylation. To fur-
ther confirm the role of Akt in the inhibitory effect of NaHS on
TS-induced apoptosis and down-regulation of CGL, CBS, and
Nrf2, Akt protein in pulmonary artery endothelial cells was
knocked down using siRNA against Akt mRNA. As shown in
Figure 10B, NaHS inhibited TS-induced increase in active cas-
pase-3, and knocking-down of Akt prevented the inhibitory
effect of NaHS on active caspase-3 in TS-exposed lung endo-
thelial cells. Moreover, NaHS prevented TS-induced decreases
in protein contents of Nrf2, CGL, and CBS and knocking-down
of Akt abolished the preventative effect of NaHS on TS-induced
decreases in Nrf2, CGL, and CBS proteins in lung endothelial
cells (Fig. 10C, D). These results support that the preventative
effects of H,S against TS-induced apoptosis and inhibition of
down-regulation of Nrf2, CGL, and CBS proteins are due to
increased phosphorylation of Akt.

Discussion

The major new finding in this study is that H,S donor
NaHS protects lungs against oxidative stress and ameliorates
TS-induced emphysema. Exposure of mice to TS for 12 and 24
weeks caused oxidative stress and inflammation in the air-
way. Moreover, TS induces lung cell death, alveolar de-
struction, and bronchial remodeling. Further, TS exposure for
12 and 24 weeks causes moderate pulmonary hypertension
and pulmonary vascular remodeling. More importantly, ad-
ministration of NaHS increases H,S levels in the lungs, pro-
tects lungs against oxidative stress and lung cell death, and
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suppresses airway inflammation and bronchial wall thicken-
ing. Thus, this study provides the first evidence that H,S
ameliorates emphysema, pulmonary hypertension, and vas-
cular remodeling induced by TS.

H,S is generated endogenously in mammalian cells from L-
cysteine by CGL and CBS (10, 37). We found that both CGL
and CBS exist in mouse lung tissue. TS exposure reduces the
protein contents of CGL and CBS as well as the capacity for
H.S synthesis in the lungs. However, H,S levels in TS-
exposed lung are not significantly reduced. This is because TS
per se contains H,S (12). In the studies of Chen et al. (9),
however, they found that serum H,S level is much lower in
smokers than non-smokers. In these studies, the patients have
stopped smoking 1 month before the blood was drawn. Ser-
um H,S levels reflect only H,S synthesis in the peripheral and
lung tissues. In our animal model, the dose of smoke would be
larger than smoker patients, because emphysema was
achieved within 12 weeks of smoking. Moreover, the lung
tissues were collected about 1h after smoking. Thus, H,S
levels in lungs reflect HyS synthesized in lung tissues and
those from TS per se. Although H,S levels in lungs exposed to
room air and TS are comparable, GSH/GSSG ratio is lower
and oxidative marker 8-OHdG is higher in TS-exposed lungs,
indicating that oxidative stress occurs due to overwhelmingly
formation of ROS in emphysematous lungs. Our data indicate
that elevation of H,S levels in the lungs by injection of NaHS
prevents TS-induced decreases in the protein contents of CGL
and CBS and the capacity for H,S synthesis. More impor-
tantly, administration of NaHS prevents TS-induced decrease
in GSH/GSSG ratio and increase in oxidative marker 8-
OHJAG. These data indicate that H,S ameliorates oxidative
stress caused by TS exposure.

Oxidative stress occurs only when ROS are produced in
excess of the antioxidant capacity. There are various anti-
oxidant defensive mechanisms in the lungs. Nrf2 is the most
important protein for the anti-oxidant mechanism in the
lungs. As a master antioxidant transcription factor, Nrf2 has
been shown to control the expression of more than 100 gene
products, including several of the most important antioxidant
enzymes (31). Indeed, lungs of COPD patients have lower
level and transcriptional activity for Nrf2 (27). Nrf2-null mice
have increased susceptibility to TS-induced emphysema (31).
Enhancement of Nrf2 expression using synthetic triterpenoid
CDDO-Im protects mice against TS-induced emphysema (34).
In the present study, we have shown that exposure to TS for
12 and 24 weeks reduces Nrf2 protein contents and that NaHS
treatment attenuates the decreases in Nrf2protein contents
in TS-exposed lungs. Therefore, the protective effect of
H,S against TS-induced oxidative stress is attributable to in-
hibition of down-regulation of antioxidant genes in lungs
such as Nrf2.

Previous reports have shown that H,S increase endothelial
angiogenesis and survival via Akt phosphorylation (6, 30).
Indeed, appropriate pulmonary angiogenic homeostasis is
crucial in the maintenance of normal alveolar structure and
protect against emphysema (20). To determine whether H,S-
induced inhibition of down-regulation of the antioxidant gene
Nrf2 is associated to Akt phosphorylation, P*"*3-Akt in
mouse lungs was measured. We found that TS exposure for 12
and 24 weeks decreases Akt phosphorylation. NaHS admin-
istration increases Akt phosphorylation and prevents TS-
induced decrease in Akt phosphorylation and Nrf2 in mouse
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FIG. 9. Effects of NaHS and tobacco smoke on the protein contents of CGL, CBS, Nrf2, and p-Akt. Mice were injected
daily with vehicle or NaHS 30 min before exposed to tobacco smoke for 1h/day, 5 days/week for 12 weeks and 24 weeks
after which the protein contents of CGL, CBS, Nrf2, Pse™73_Akt, and total Akt in lung tissues were determined using Western
blot analysis. (A) is representative blots of 8 separate experiments. (B—E) are bar graphs depicting the changes in CGL, CBS,
Nrf2, and p-Akt proteins. Results are expressed as mean+SE; n=8 experiments. *p <0.05 versus room air group. CBS,
cystathionine f-synthetase; CGL, cystathionine y-lyase; Nrf2, nuclear erythroid-related factor 2.

lungs. Notably, consistent with previous observations (6, 7,
30), our data indicate that NaHS increases Akt phosphoryla-
tion in pulmonary artery endothelial cells. Moreover, knock-
ing-down of Akt protein abolishes the preventative effect
of NaHS against TS-induced down-regulation of Nrf2 in
lung endothelial cells. These data indicate that H,S-induced
Akt phosphorylation is responsible for inhibition of down-

regulation of the antioxidant gene Nrf2 (Fig. 11). The mechanism
for the preventative effect of H,S on TS-induced reductions in
CGL and CBS is not clear yet. Our data show that alterations
in CGL and CBS in TS- and NaHS-treated lungs and endo-
thelial cells correlate to those in Nrf2. Considering that CGL,
CBS, and Nrf2-dependent genes share similar antioxidant
function, it is plausible to speculate that CGL and CBS might
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be direct transcriptional target of Nrf2. Further studies are
necessary to confirm this speculation.

Oxidative stress plays an important role in the pathological
processes in COPD. Oxidative stress directly damage cellular
components such as lipids, proteins, and DNA, which result

Hydrogen sulfide
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FIG. 11. A schematic pathway illustrating the protective
effects of H,S against tobacco smoke-induced oxidative
stress and emphysema. H,S increases phosphorylation
of Akt, which is responsible for inhibition of Nrf2 down-
regulation and apoptosis, leading to protection against air-
way inflammation, emphysema, and vascular remodeling in
tobacco smoke-exposed lungs.

in lung cell death or apoptosis, degradation of extracellular
matrix, and loss of alveolar unit as well as inflammatory re-
sponse in the terminal airway (1, 4, 11). Notably, a series
of signaling molecules cascades the apoptotic pathway.
Caspase-3 activation plays a key role in initiation of cellular
events during the apoptotic process. It is well known that ROS
can induce activation of caspase-3 in a number of cell types
(28, 35). Our results indicate that the protective effect of H,S
against TS-induced lung cell death or apoptosis occurs at the
level of caspase-3. Knocking-down of Akt protein abolishes
the preventative effect of NaHS against TS-induced increase
in active caspase-3 in lung endothelial cells. Thus, H,S-
induced amelioration of oxidative stress and Nrf2 down-
regulation due to Akt phosphorylation render protection
against lung cell death or apoptosis and loss of alveolar unit in
TS-exposed lungs (Fig. 11).

H,S has been shown to directly cause vasorelaxation
in vitro (42) and inhibit the proliferation of vascular smooth
muscle cells in culture (5). In the present study, administration
of NaHS for 12 and 24 weeks does not affect RVSP in control
mice. Moreover, i.p. injection of NaHS for 5 days does not
significantly alter systemic mean arterial pressure in control
mice 1h after injection. However, NaHS does prevent pul-
monary hypertension and vascular remodeling induced by
TS. Interestingly, Ganster et al. reported that a single intra-
venous bolus of NaHS (0.2mg/kg) protects against hemor-
rhage shock-induced inflammatory response and oxidative
stress without affecting systemic arterial pressure in control
rats 5h after injection (17). Further, Zhao et al. reported that
single intravenous bolus of H,S provokes a transient
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(29.5%3.65) decrease in systemic arterial pressure (42). These
data suggest that the preventative effect of H,S on TS-induced
pulmonary hypertension is unlikely to be contributable to its
direct vasorelaxant activity. The reduction of RVSP and pul-
monary vascular remodeling in TS-exposed mice could be
consequences of amelioration of emphysema caused by H,S.
It is also feasible that reduction of oxidative stress by H,S
contributes to the preventative effects of H,S on pulmonary
hypertension and vascular remodeling. ROS and oxidative
stress have been shown to mediate pulmonary vascular re-
modeling and pulmonary hypertension (38).

We acknowledge that the current studies have limitations,
but we do not think these issues in any way compromise
our conclusions. First, the TUNEL assay used to detect apo-
ptosis may not reliably discriminate between apoptosis, ne-
crosis, and autolysis (18). TS can cause necrosis besides
apoptosis (2). However, the changes in caspase-3 activity in
TS- and NaHS-treated lungs correlate to those in TUNNEL
assay, indicating that H,S does protect lungs from apoptosis
and emphysema although we do not exclude the possibility of
necrosis. Second, arterial blood gases were measured just in
mice treated with TS and NaHS for 5 days. We found that
exposure to TS and treatment with NaHS for 5 days did not
significantly alter arterial blood gases. Considering the re-
markable alterations in the airway and lung parenchyma in
the present study, chronic exposure to TS could supposedly
cause hypoxemia and hypercapnia in mice as reported by Xu
et al. (40).

In summary, we have shown that the H,S donor NaHS
protects lungs against oxidative stress and ameliorates em-
physema caused by TS exposure. H,S donors have thera-
peutic potential for the prevention and treatment of COPD
caused by TS.
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