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Inhaled Hydrogen Sulfide Protects against
Ventilator-induced Lung Injury
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ABSTRACT

Background: Mechanical ventilation still causes an unac-
ceptably high rate of morbidity and mortality because of
ventilator-induced lung injury (VILI). Therefore, new ther-
apeutic strategies are needed to treat VILI. Hydrogen sulfide
can induce hypothermia and suspended animation-like
states in mice. Hydrogen sulfide can also confer antdinflam-
matory and antiapoptotic effects. This study investigates the
organ-protective effects of inhaled hydrogen sulfide during
mechanical ventilation.

Methods: Mice were ventilated with a tidal volume of 12
ml/kg body weight for 6 h with synthetic air in the absence or
presence of hydrogen sulfide (80 parts per million) and, in a
second series, at either mild hypothermia or normothermia.
Staining of lung sections determined the degree of lung dam-
age by VILI score and apoptotic cells. Bronchoalveolar lavage
fluid was analyzed for the cytokines interleukin-18 and mac-
rophage inflammatory protein-1f3 and for neutrophil accu-
mulation. Heme oxygenase-1 and heat shock protein 70 ex-
pression were assessed in the lung tissue by Western
immunoblot analysis.

Results: Mechanical ventilation at both hypothermia and
normothermia led to a profound development of VILI, char-
acterized by pulmonary edema, increased apoptosis, cytokine
release, neutrophil recruitment, and up-regulation of the
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stress proteins such as heme oxygenase-1 and heat shock
protein 70. In contrast, the application of hydrogen sulfide
during ventilation at either mild hypothermia or normother-
mia prevented edema formation, apoptosis, proinflamma-
tory cytokine production, neutrophil accumulation, and in-
hibited heme oxygenase-1 expression.

Conclusions: Inhalation of hydrogen sulfide during me-
chanical ventilation protects against VILI by the inhibition
of inflammatory and apoptotic responses. Hydrogen sulfide
confers lung protection independently of its ability to induce
mild hypothermia during ventilation.

What We Already Know about This Topic

[0 Mechanical ventilation can cause acute lung injury in critically
ill patients

O Inhaled hydrogen sulfide can reduce inflammation and protect
other organs, perhaps in part by inducing mild hypothermia

What This Article Tells Us That Is New

O In mice, inhaled hydrogen sulfide reduced inflammation and
lung injury from mechanical ventilation that was independent
of its effect on body temperature

ECHANICAL ventilation is an indispensable tool for

the clinical treatment of critically ill patients. Despite
its life-saving properties, mechanical ventilation can induce
lung injury in the healthy lung or exacerbate acute lung in-
jury, referred to as ventilator-induced lung injury (VILI).
VILI arises from cyclic stretch of the lung, leading to the
tissue disruption, pulmonary edema, alveolar proteinosis,
neutrophil influx, and release of inflammarory mediators.'
The inflammatory response to mechanical ventilation is not
restricted to the lung, but it may also spread to extrapulmo-
nary organs, leading to a systemic inflammatory response and

Although

life-threatening multiple organ dysfunction.2

<& This article is featured in “This Month in Anesthesiology.”
Please see this issue of ANESTHESIOLOGY, page 9A.

@ This article is accompanied by an Editorial View: Otulakowski
G, Kavanagh BP: Hydrogen sulfide in lung injury: Therapeutic
hope from a toxic gas. ANESTHESIOLOGY 2010; 113:4-6.
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modulation of ventilator settings such as applying low tidal
volumes may improve lung injury in patients with acute
respiratory distress syndrome,” VILI remains a major prob-
lem in the intensive care unit with an unacceptably high rate
of morbidity and mortality.” Therefore, alternative thera-
peutic strategies must be developed to further minimize the
risk of ventilator-associated lung injury. Among the possibil-
ities, the induction of hibernation or suspended animation-
like states in otherwise nonhibernating mammals may be of
therapeutic interest. Several clinical trials have investigated
the beneficial effects of suspended animation (z.e., induced
hypothermia) to prevent organ damage and improve clinical
outcome. Because suspended animation is known to me-
diate cytoprotection,® suspended animation-like states may
conceivably alleviate VILI during mechanical ventilation.
Recently, hydrogen sulfide has been demonstrated to
elicit a suspended animation-like state in mammals.””® Hy-
drogen sulfide has long been exclusively regarded as a highly
toxic gas with the smell of rotten eggs. In fact, high concen-
trations of inhaled hydrogen sulfide for extended exposure
times might cause cytotoxicity, for example, within the re-
spiratory tract,”'® and impair neurobehavioral function.''
However, extensive research during the past few years has
challenged this dogma with potential biomedical applica-
tions. Together with carbon monoxide and nitric oxide, hy-
drogen sulfide belongs to a class of endogenously synthesized
gaseous molecules referred to as “gasotransmitters.” In mam-
mals, including humans, hydrogen sulfide is synthesized
from L-cysteine by the cystathionine B-synthase or the cysta-
thionine y-lyase, both use pyridoxal 5’-phosphate as a cofac-
tor. Endogenous hydrogen sulfide exerts several biologic ef-
fects, including vasodilatation by opening smooth muscle
adenosine triphosphate-sensitive potassium channels,'* reg-

13-15 ¢ induction of the

ulation of inflammatory responses,
stress protein heme oxygenase-1 (HO-1).1° Endogenously
synthesized hydrogen sulfide has been shown to limit renal
and myocardial ischemia—reperfusion injury.'”~"? Treat-
ment with inhaled hydrogen sulfide or hydrogen sulfide do-

. : . 2021
nors can induce cardioprotective,
23,24

gastroprotective,22 an-
tinociceptive, and antiinflammatory effects.”**> The
latter effect of hydrogen sulfide involves the inhibited re-
lease of proinflammatory cytokines and neutrophil adhe-
sion and activation.”>**~*” These studies demonstrate that
exogenously administered hydrogen sulfide might suppress in-
flammatory responses, a hallmark in the progression of lung
injury in response to mechanical ventilation.

Based on these recent findings, the aim of the current study
was to investigate the effects of inhaled hydrogen sulfide on the
development of VILI in mice. We show that hydrogen sulfide
substandially protects against VILI. This effect is mediated by
the inhibition of neutrophil influx and inflammatory protein
release. Although hydrogen sulfide decreases body temperature
in animals, mild hypothermia does not seem to play a contrib-
utory role in the direct lung protective effect of hydrogen sulfide
during mechanical ventilation.

Faller et al.

Materials and Methods

Animals

Male C57BL/6N mice were obtained from Charles River
Laboratories (Sulzburg, Germany) and used at a body weight
0f25-27 g. All animal experiments were performed in accor-
dance with guidelines of the local animal care commission
(Ethics Committee University Freiburg, Freiburg, Germany,
permission No. G-07/25). All mice were anesthetized with
90 mg/kg ketamine (intraperitoneal) and 1 mg/kg aceproma-
zine (intraperitoneal) and placed on a heating pad.*®*** A
polyethylene catheter was inserted into the left carotid artery
for direct blood pressure monitoring and for blood gas sam-
pling, and a tracheotomy was established using a 20-gauge
catheter. While nonventilated control mice were subjected to
the instrumentation after 6-h spontaneous breathing and be-
ing killed immediately after, mice randomized to receive me-
chanical ventilation were connected to a rodent ventilator
(Voltek enterprises, Toronto, Canada) via the tracheal can-
ula. The ventilator was set to a tidal volume of 12 ml/kg body
weight, frequency 80/min, positive end-expiratory pressure of 2
cm H,0O. Muscular relaxation was achieved by applying 2
mg/kg pancuronium (intraperitoneal). Anesthesia was main-
tained by continuous administration of ketamine, aceproma-
zine, and pancuronium intraperitoneal as needed. A 0.7-ml sa-
line bolus was injected intraperitoneally to compensate for
evaporation during ventilation. Blood samples were withdrawn
from ventilated animals after 30—45 min and 6 h and measured
using an automated blood gas analyzer (ABL600/800, Radiom-
eter, Copenhagen, Denmark) to ensure normal ventilation. Re-
cruitment maneuvers (inspiratory hold on 30 cm H,O for 5 )
were performed every 60 min during ventilation to prevent at-
electasis. Body temperature (T}, [degrees Celsius, °C], measured
with a rectal thermoelement), arterial blood pressure (millime-
ters mercury, mmHg), peak airway pressure, and plateau airway
pressure (centimeters water) were continuously monitored
(PowerLab 3/80, ADInstruments, Spechbach, Germany) and
recorded every 30 min.

Experimental Groups

In the first set of experiments, nonventilated control mice
were subjected to breathe synthetic air or synthetic air sup-
plemented with 80 ppm H,S spontaneously for 6 h (hydro-
gen sulfide, Air Liquide, Kornwestheim, Germany) in a
sealed chamber. Mice receiving mechanical ventilation were
randomized to be ventilated with either synthetic air or syn-
thetic air supplemented with 80 ppm H,S for 6 h. All venti-
lated mice were placed on a 36.5°C warm heating pad. In a
second independent set of experiments, nonventilated con-
trol mice were subjected to breathe synthetic air. Mechani-
cally ventilated mice were divided into four different groups:
ventilation with synthetic air at mild hypothermia (mean T,
of 34°C), ventilation with synthetic air at normothermia
(mean Ty, of 36°C), ventilation with 80 ppm H,S at mild
hypothermia (mean T, of 34°C), and ventilation with 80
ppm H,S at normothermia (mean T of 36°C).
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Tissue Sampling and Bronchoalveolar Lavage

At the end of each experiment, mice were killed. Tissue
samples were snap frozen and stored at —80°C for subse-
quent analysis. First, the left lung lobe was ligated, and a
bronchoalveolar lavage (BAL) was performed via the tra-
cheal catheter in the right lung lobes using 0.8 ml phos-
phate-buffered saline. The recovered volume was centri-
fuged, and the supernatant was snap frozen and stored at
—80°C until further use. The pellet was redissolved, and
the relative amount of neutrophils was determined from
methanol-fixed cytospin slides and stained with fast green,
eosin, and thiazine (Diff-Quick, Medion Diagnostics AG,
Diidingen, Switzerland). After the BAL, the right lobes
were removed, snap frozen, and kept until further use at
—80°C. Afterward, the left bronchus was reopened, and
2% paraformaldehyde was administered with a constant
pressure of 20 cm H,O via the tracheal catheter to unfold
the lobe. Then, the lobe was extracted and kept in 2%
paraformaldehyde for another 2 h followed by a 30%
sucrose solution at 4°C overnight. The next day, the left
lung lobe was embedded into optimal cutting temperature
compound (Tissue-Tek®, Sikura Fintek GmbH, Staufen,
Germany) and was frozen slowly on liquid nitrogen and
stored at —80°C until further use.

Cytokine and Chemokine Measurements

BAL aliquots were analyzed using interleukin-13 and mac-
rophage inflammatory protein (MIP)-1 enzyme-linked im-
munosorbent assay kits (R&D Systems GmbH, Wiesbaden,
Germany) according to the manufacturer’s instructions.

Immunohistochemistry

Cryosections (6 wm) of the left lung were subjected to
hematoxylin and eosin staining and analyzed in a blinded
fashion. From each lung, four representative photographs
were taken (magnification 400 X). Five high-power fields
were randomly assigned to each photograph, and alveolar

wall thickness was analyzed by Axiovision software
(AxioVS40LE, Zeiss, Jena, Germany). In each high-power
field, the degree of lung damage was determined by a modi-
fied VILI score®®: (1) thickness of the alveolar walls, (2) in-
filtration or aggregation of inflammatory cells, and (3) hem-
orrhage. Each item was graded according to the following
five-point scale: 0, minimal damage; 1, mild damage; 2,
moderate damage; 3, severe damage; 4, maximal damage.
The degree of lung damage was assessed by the sum of scores
ranging from 0 to 12 for each high-power field. The average
of the sum of each field score per lung was compared among
groups.

Detection of apoptotic cells was performed by terminal
deoxynucleotide transferase-mediated dUTP-biotin nick-
end labeling using the ApopTag Peroxidase Kit (57100,
Chemicon International, Millipore, Schwalbach, Germany)
according to the manufacturer’s instructions. From each
lung, eight representative photographs (magnification
400X, 270 X 345 um) were taken, the apoptotic cells were
counted, and the number of apoptotic cells per mm* was
calculated (corresponds to 6 wm?).

Immunoblotting

The right upper lung lobe was homogenized in 30 mwm Tris
base including complete protease inhibitors (Roche Diag-
nostics, Mannheim, Germany). After determination of the
protein content (Biorad Assay, Biorad, Germany), equal
amounts were loaded onto a 10% sodium dodecyl sulfate
polyacrylamide gel electrophoresis and blotted onto a nitro-
cellulose membrane (Millipore). The membranes were incu-
bated with antibodies against HO-1 (spa-895, Assay De-
signs, Biomol GmbH, Hamburg, Germany) or heat shock
protein (HSP) 70 (ab-31010, Assay Designs) overnight at
4°C. After several washing steps, the membranes were incu-
bated for 1.5 h with the appropriate secondary antibody,
detected (ECL Western Blotting Analysis System, GE
Healthcare, Buckinghamshire, United Kingdom), and ex-

animal treatment continuous measurements analysis
spontaneous breathing BAL
| air | neutrophils
blood pressure cytokines
| H,S | airway pressure
body temperature lung histolo
mechanical ventilation :> :> alveolar wall
| vent-air | blood gas analyses vitlsears
. TUNEL
| vent-H,S | (30min; 6h)
I | lung homogenate
0 time [h] 6

protein expression

Fig. 1. Experimental design. Mice were subjected to breathe either air or 80 ppm hydrogen sulfide (H,S) spontaneously for 6 h
or they received mechanical ventilation (vent) with 12 mi/kg for 6 h with either synthetic air or synthetic air + 80 ppm H,S. Airway
pressure, blood pressure, and body temperature were continuously measured and noted every 30 min. Blood gas analyses
were performed at the end of the experiment and in ventilated groups in addition to after the onset of ventilation. Bronchoal-
veolar lavage (BAL) and lung tissue were analyzed for the parameters depicted in the “analysis” box. TUNEL = terminal
deoxynucleotide transferase-mediated dUTP-biotin nick-end labeling; VILI = ventilator-induced lung injury.
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posed to radiographic films (GE Healthcare). Stripping and
reblotting the membranes with glyceraldehyde-3-phosphate-
dehydrogenase (CSA-335, Assay Designs) served as a control
for equal loading and transfer. Densitometric analyses were
performed using Image]|| software (Bethesda, MD). Data
represent fold induction of HO-1 or HSP70 with respect to
glyceraldehyde-3-phosphate-dehydrogenase.

Statistical Analysis

Based on the assumed differences and variability in the data
marking a biologic effect of treatment in each group, numbers of
animals per group were estimated before the study. Therefore
and as a votum of the local ethics committee, experiments were
performed with six mice per group. Graphs represent means +
SEM. Data were further analyzed for normality before one-way
ANOVA followed by the Student—Newman—Keuls post /oc
test. A P value of less than 0.05 was considered significant. For
two group comparisons, the unpaired Student 7 test was used
(Sigmastat statistical software, Synstat Inc., Erkrath, Germany)
followed by a Bonferroni correction. In that case, 2 << 0.007 was
considered significant.

Results

Effect of Ventilation and Hydrogen Sulfide Treatment on

Lung Injury

To examine the effects of hydrogen sulfide on VILI, mice
were ventilated in the presence or absence of 80 ppm H,S
(fig. 1). First, we analyzed hematoxylin and eosin—stained
lung sections (figs. 2A-D). Similar to control animals
spontaneously breathing air for 6 h (fig. 2A), mice exposed
to hydrogen sulfide for 6 h displayed no histologic signs of
lung injury (fig. 2C). In contrast to the control animals,
mechanical ventilation with air alone led to lung injury,
which is expressed by substantial alveolar wall thickening
and cellular infiltration (fig. 2B). Ventilation of mice with
synthetic air supplemented with hydrogen sulfide reduced
alveolar wall thickening and cellular infiltration (fig. 2D).
The quantitative analysis of all experimental groups re-
vealed that alveolar wall thickness was significantly in-
creased by mechanical ventilation, whereas the applica-
tion of hydrogen sulfide led to a decrease of wall thickness
to control levels (fig. 2E). Next, we determined the degree
of lung damage by a VILI score (fig. 2F). Although all
nonventilated control animals exhibited baseline VILI
scores, lung injury in air-ventilated mice was significantly
increased. In sharp contrast and despite mechanical ven-
tilation, additional hydrogen sulfide treatment abolished
the increase in VILI score, suggesting that hydrogen sul-
fide treatment prevented the development of lung injury
during mechanical ventilation.

|| National Institutes of Health. Available at: http://rsbweb.nih.gov.
Accessed January 24, 2010.
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Fig. 2. Effect of ventilation and hydrogen sulfide (H,S) treat-
ment on lung injury. As controls, mice were subjected to
spontaneously breathe either air (A) or 80 ppm H,S (C) or
were ventilated (vent) with 12 ml/kg for 6 h with either syn-
thetic air (B) or synthetic air + 80 ppm H,S (D). The sections
from the left lung lobe were hematoxylin and eosin stained.
Representative pictures are shown for each experimental
group (magnification X400, A-D). High-power fields were
randomly assigned per photograph to measure alveolar wall
thickness (E) and ventilator-induced lung injury (VILI) score
(F). Data represent means = SEM for n = 6/group. Analysis of
variance (Student-Newman-Keuls post hoc test), * P < 0.05
versus control; # P < 0.05 versus H,S control; § P < 0.05
versus H,S-ventilated group.

Effect of Ventilation and Hydrogen Sulfide Treatment on
Lung Inflammation

The inflammatory response to mechanical stretch implies the
release of inflammatory mediators such as cytokines and che-
mokines, leading to neutrophil infiltration into the lung.l’31
Therefore, we determined the concentration of interleu-
kin-18 and MIP-1 and the number of neutrophils in the
BAL fluid. The measurements of interleukin-18 and
MIP-18 by an enzyme-linked immunosorbent assay tech-
nique revealed that both proteins were nearly absent in BAL
fluid of nonventilated controls and highly augmented in re-
sponse to mechanical ventilation (figs. 3A and B). The pro-
duction of cytokines and chemokines was completely inhib-
ited when hydrogen sulfide was administered during
ventilation and comparable with control levels (figs. 3A and
B). The same observations were noted with respect to the
migration of neutrophils. Compared with nonventilated

Anesthesiology, V 113 « No 1 « July 2010 107

20z uole €1 uo 3senb Aq Jpd 81.000-000200102-27S0000/€€0859/70L/L/EL L/Ppd-8joie/ABojoisayisaue/woo IIeYdIaA|IS Zese//:djy wouj papeojumod



CRITICAL CARE MEDICINE

A S0 n=6 n=6 n=6 n=6 B a0 n=6 n=6 n=6 n=6 C 6 n=6 n=6 n=6 n=6
40 - <84 _ 25 1 _ 501 g

— = Q *

= £ 20- *Sy = 40 A #

S 301 = ©

i = 15 1 ‘g 30

S 20 - o =

=i L 10~ 2 20 7

- = c *H#
10 1 5 10 A ’1‘

n.d. Iﬁ n.d. n.d.

0 - 0 — 0 'I| =
vent -+ - + vent -+ - + vent -+ - +
Hs - — + + HS - - + + HS — — + +

Fig. 3. Effect of ventilation and hydrogen sulfide (H,S) treatment on lung inflammation. As controls, mice were subjected to
spontaneously breathe air or 80 ppm hydrogen sulfide, or were ventilated (vent) with 12 ml/kg for 6 h with either synthetic air
or synthetic air + 80 ppm H,S as indicated. Bronchoalveolar lavage was performed in the right lung, and interleukin-1 (IL-1p,
A), and macrophage inflammatory protein-13 (MIP-13, B) contents were quantified by enzyme-linked immunosorbent assay.
The relative amount of neutrophils (C) was determined by cytospin analysis. Graphs represent means = SEM, n = 6/group.
Analysis of variance (Student-Newman-Keuls post hoc test), * P < 0.05 versus control; # P < 0.05 versus H,S control; § P <

0.05 versus H,S-ventilated group. n.d. = not detected.

controls, neutrophil numbers were clearly increased in air-
ventilated mice, whereas in hydrogen sulfide-ventilated
mice, significantly less neutrophils were detectable (fig. 3C),
indicating that the application of hydrogen sulfide prevents
inflammation.

Effect of Ventilation and Hydrogen Sulfide Treatment on
Apoptosis in the Lung

Next, we investigated the effect of hydrogen sulfide applica-
tion on apoptosis in the lung during ventilation. Terminal
deoxynucleotide transferase-mediated dUTP-biotin nick-
end labeling staining of lung sections (figs. 4A-D) showed
hardly any apoptotic cells in nonventilated untreated or hy-
drogen sulfide—treated controls (figs. 4A and C). In contrast,
air-ventilated mice showed an increased number of apoptotic
cells after mechanical ventilation for 6 h (fig. 4B). Hydrogen
sulfide treatment significantly reduced the number of apo-
ptotic cells (fig. 4D). These results were confirmed by quan-
tification of apoprotic cells (fig. 4E), suggesting that hydro-
gen sulfide inhalation reduces apoptosis that is otherwise
enhanced by mechanical ventilation.

Effect of Ventilation and Hydrogen Sulfide Treatment on
Stress Protein Expression

It has been reported previously that hydrogen sulfide me-
diates antiinflammatory and antiapoptotic effects via the
HO-1-signaling pathway.'®*? To analyze its role during
mechanical ventilation with respect to hydrogen sulfide-
mediated effects, we assessed HO-1 protein expression in
lung homogenates (fig. 4A, upper). Compared with both
groups of control animals (fig. 5A, lanes 1 + 3), mechan-
ical ventilation induced HO-1 expression that was dimin-
ished in the presence of hydrogen sulfide (fig. 5A, lane 4).
Corresponding densitometric analysis of all experiments (fig.
5B) confirmed that the inhalation of hydrogen sulfide re-
duced ventilation-induced HO-1 protein expression. Be-
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cause HO-1 is known to be a stress-inducible protein,®” we
sought to determine the expression of another stress-sensitive
protein, that is, HSP70. Western blot analysis showed the
up-regulation of HSP70 in response to mechanical ventila-
tion (fig. 5A, middle). Here, a trend toward decreased
HSP70 expression on hydrogen sulfide treatment was noted,
but did not reach statistical significance (fig. 5C).

Effect of Ventilation and Hydrogen Sulfide Treatment on
Airway Pressure, Blood Pressure, Blood Gas Analysis,
and Body Temperature

Next, we asked whether hydrogen sulfide would exert an
effect on airway pressure during mechanical ventilation.
Figures 6A and B show the course of peak or plateau
airway pressure, respectively, for air and hydrogen sulfide
ventilation groups. Of note, insignificant decreases in air-
way pressure that occur once an hour are due to recruit-
ment maneuvers. However, we could only detect minor
differences between the two ventilation groups at the
indicated time points (figs. 6A and B). Because hydrogen
sulfide is described to mediate vasodilatation,>*>> we in-
vestigated the influence of hydrogen sulfide treatment on
blood pressure during mechanical ventilation. Inhalation
of hydrogen sulfide did not influence systemic arterial
blood pressure (fig. 6C) in our experimental system.
Blood gas analysis of pH, Pco,, and Po, within the first
30—45 min after the onset of ventilation and at the end of
the experiment also did not differ between experimental
groups (data not shown), indicating that normal ventila-
tion was guaranteed. Previous findings demonstrated that
hydrogen sulfide induces a suspended animation-like state
in mice, which is characterized by a significant reduction
in core body temperature (T,) during hydrogen sulfide
inhalation.”® Even though all ventilated groups were
treated equally according to the same fixed heating proto-
col, hydrogen sulfide supplementation significantly de-
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Fig. 4. Effect of ventilation and hydrogen sulfide (H,S) treat-
ment on apoptosis in the lung. As controls, mice were sub-
jected to spontaneously breathe air (A) or 80 ppm H,S (C), or
were ventilated (vent) with 12 mi/kg for 6 h with either syn-
thetic air (B) or synthetic air + 80 ppm H,S (D). The sections
from the left lung lobes were terminal deoxynucleotide trans-
ferase-mediated dUTP-biotin nick-end labeling stained. Ar-
rows indicate apoptotic cells. Representative pictures are
shown for each experimental group (magnification x400). (E)
Quantitative analysis of eight representative photos per lung,
calculated in millimeter square. Graphs represent means *+
SEM, n = 6/group. Analysis of variance (Student-Newman-
Keuls post hoc test), * P < 0.05 versus control; # P < 0.05
versus H,S control; § P < 0.05 versus H,S-ventilated group.

creased mean T}, from 36° to 34°C (group means over 6 h,
fig. 6D), indicating that hydrogen sulfide inhalation
causes mild hypothermia during mechanical ventilation.

Effect of Body Temperature on Lung Inflammation after
Ventilation and Hydrogen Sulfide Treatment

Mild hypothermia alone has been described to reduce neutro-
phil accumulation in lung injury.*® Therefore, we sought to
analyze whether hydrogen sulfide mediates its effects through
reduction of body temperature. In an independent set of exper-
iments, T} of air or hydrogen sulfide~ventilated mice was con-
trolled to either reach normothermia or mild hypothermia (figs.

7A and B). Comparison of peak, plateau, and blood pressures
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Fig. 5. Effect of ventilation and hydrogen sulfide (H,S) treat-
ment on stress protein expression. As controls, mice were
subjected to spontaneously breathe air or 80 ppm H,S or
were ventilated (vent) with 12 ml/kg for 6 h with either syn-
thetic air or synthetic air + 80 ppm H,S. Lung samples were
taken from the upper right lobe for Western blot analysis. (A)
Representative Western blots for heme oxygenase-1 (HO-1;
upper), heat shock protein 70 (HSP70; middle), and glycer-
aldehyde-3-phosphate-dehydrogenase (GAPDH; lower). (B,
C) Densitometric analysis of all samples were normalized to
GAPDH and expressed as fold induction for HO-1 (B) and
HSP70 (C). Graphs represent means = SEM, n = 5/group.
Analysis of variance (Student-Newman-Keuls post hoc test),
* P < 0.05 versus control; # P < 0.05 versus H,S control; §
P < 0.05 versus H,S-ventilated group.

between all four groups revealed no differences (fig. 7C). Similar
results were obtained by blood gas analysis (data not shown),
indicating that mice in all groups had been ventilated equally.
Analysis of proinflammatory proteins by enzyme-linked
immunosorbent assay showed that both interleukin-1 (fig.
8A) and MIP-18 (fig. 8B) were indeed significantly de-
creased in air-ventilated mice kept at mild hypothermia com-
pared with air ventilation at normothermia. However, the
relative number of neutrophils in both hypothermia and
normothermia groups was identical and substantially in-
creased when compared with the nonventilated control
group (fig. 8C). Next, we tested whether the inhalation of
hydrogen sulfide during ventilation at normothermia
would abrogate the antiinflammatory effects observed
during hypothermia. Most interestingly, ventilation with
hydrogen sulfide at normothermia and hypothermia sig-
nificantly decreased interleukin-18, MIP-1p, and neutro-
phil infiltration to the same extent (figs. 8A—C). These
results clearly demonstrate that the application of hydro-
gen sulfide during mechanical ventilation reduces inflam-
mation independently of normothermia or hypothermia.
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Fig. 6. Effect of ventilation and hydrogen sulfide (H,S) treatment on airway pressure, blood pressure, and body temperature.
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plateaus B), arterial blood pressure (C), and body temperature (D) were recorded continuously and noted every

30 min. Graphs represent means = SEM, n = 5-6/group. Student t test followed by Bonferroni correction. * P < 0.007.

Effect of Body Temperature on Lung Injury after
Ventilation and Hydrogen Sulfide Treatment

To determine the effect of body temperature on lung injury
after ventilation and hydrogen sulfide treatment, we stained
the lung sections with hematoxylin and eosin (fig. 9). In
contrast to nonventilated controls (fig. 9A), ventilation of
mice with synthetic air led to a substantial increase in alveolar
wall thickness, both in hypothermia (fig. 9B) and normo-
thermia (fig. 9C). Nevertheless, quantitative analysis of wall
thickness revealed that air ventilation at mild hypothermia
slightly but significantly decreased alveolar wall thickening
(fig. 9F). The degree of lung injury determined by the VILI
score was substantially increased in both air-ventilated
groups without statistical difference (fig. 9G). Finally, we
analyzed lung sections of mice, ventilated with hydrogen
sulfide at hypothermia and normothermia. Representative
slides (figs. 9D and E) and quantitative analysis (fig. 9F)
revealed that the thickening of alveolar walls was significantly
reduced to the same level in hypothermia or normothermia.
Similar results were obtained by applying the VILI score (fig.
9G). These data evidently argue for protective effects by hy-
drogen sulfide during the progression of VILI that are inde-
pendent of its capacity to induce mild hypothermia.

Discussion

Mechanical ventilation causes lung injury characterized by
edema and hyaline membrane formation, inflammatory cell in-
filtration, and hemorrhage."*”*® In many studies, severe lung
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injury is provoked by ventilating rodents at high tidal volumes
(20-40 ml/kg).3 9=411n our recent work?®?? and in the current
study, we have used an experimental protocol to ventilate mice
with moderate tidal volumes (12 ml/kg), which are more rele-
vant to those used in clinical practice. In this setting, mechanical
ventilation results in a moderate degree of lung injury after 6 h,
indicated by histology, quantitative analysis of alveolar wall
thickening, and VILI score. In agreement with the recent pub-
lications demonstrating that the application of hydrogen sulfide
donor compounds may significantly reduce lung injury in re-
sponse to the instillation of oleic acid,?” acute pancreatitis, 2or
combined burn and smoke inhalation®® in animal models, our
study provides the first evidence that hydrogen sulfide exerts the
capacity to prevent VILL

The development of VILI critically depends on the initi-
ation of an inflammatory process, mainly characterized by
cytokine release and neutrophil transmigration."**4! We
and others have previously shown that among others, inter-
leukin-1f and MIP-1 are released during mechanical ven-
tilation,?®2%3%43:44 " Moreover, interleukin-18  receptor
blockade has been demonstrated to protect against VILL?
We demonstrate here that the administration of hydrogen
sulfide during mechanical ventilation prevents the release of
proinflammatory cytokines and chemokines. Similar results
have been obtained in other models of acute lung injury with
the administration of NaHS, a hydrogen sulfide donor.2%%?”
When attracted by cytokines, neutrophils play a key role in
lung injury associated with mechanical ventilation."**#! In
support of this notion, depletion of neutrophils prevents the
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Fig. 7. Physiologic parameters for the second set of experimental groups. As controls, mice were subjected to spontaneously
breathe air or were ventilated (vent) for 6 h either with synthetic air at a mean body temperature of 34°C or 36°C or with synthetic
air + 80 ppm hydrogen sulfide (H,S) at a body temperature of 34°C or 36°C (A). Body temperature (B), peak (P4) and plateau
(Ppjatean) @irway pressure, and arterial blood pressure (C) were recorded continuously and noted every 30 min. Graph (B)

represents means = SEM, n = 6/group. Table in (C) shows mean group values over 6 h = SEM, n = 6/group. BAL =

bronchoalveolar lavage; VILI = ventilator-induced lung injury.

formation of hyaline membranes in the lungs of rabbits, de-
spite high-tidal volume ventilation.*> In our model, we could
detect a high fraction of neutrophils in the BAL fluid from
air-ventilated mice. In contrast, inhalation of hydrogen sul-
fide dramatically reduced neutrophil influx. Our findings are
in agreement with previous reports, showing that hydrogen
sulfide donors activate antiinflammatory pathways and effi-
ciently abolish the accumulation of leukocytes in acute lung
injury.?®*”%2 Taken together, these studies suggest that hy-

Faller et al.

drogen sulfide prevents VILI primarily by blocking the in-
flammatory response.

During high tidal volume ventilation, VILI is characterized
by the induction of apoptosis in lung tissue. “***” Assigned to
our model, with the use of moderate tidal volumes, ventilation
of mice with synthetic air led to a mild but significant increase of
apoptotic cells in the lung. Nevertheless, inhalation of hydrogen
sulfide during mechanical ventilation significantly reduced the
number of apoptotic cells. Recent studies in various disease
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Fig. 8. Effect of body temperature on lung inflammation after
ventilation and hydrogen sulfide (H,S) treatment. Mice were
ventilated (vent) for 6 h either with synthetic air at a mean body
temperature (T,,) of 34°C or 36°C or with synthetic air + 80 ppm
H,S at a mean body temperature of 34°C or 36°C. As controls,
mice were subjected to spontaneously breathe air. Bronchoal-
veolar lavage was performed in the right lung lobes and inter-
leukin-18 (IL-1B8, A), and macrophage inflammatory protein-13
(MIP-1B, B) contents were quantified by enzyme-linked immu-
nosorbent assay. The relative amount of neutrophils (C) was
determined by cytospin analysis. Graphs represent means *+
SEM, n = 6/group. Analysis of variance (Student-Newman-
Keuls post hoc test), * P < 0.05 versus nonventilated control; §
P < 0.05 versus hypothermic air-ventilated group; ¥ P < 0.05
versus H,S-ventilated groups.

models have clearly indicated the antdapoprotic effects of hydro-
gen sulfide application. For example, the hydrogen sulfide do-
nor NaHS inhibits rotenone-induced cell apoptosis in an iz
vitro model*® and apoptosis induced during cardiac ischemia—
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Fig. 9. Effect of body temperature on lung injury after venti-
lation and hydrogen sulfide (H,S) treatment. Mice were ven-
tilated (vent) for 6 h either with synthetic air at a mean body
temperature (T,,) of 34°C (B) or 36°C (C) or with synthetic air +
80 ppm H,S at a mean body temperature of 34°C (D) or 36°C
(E). As controls, mice were subjected to spontaneously
breathe air (A). Left lung lobes were harvested, fixed, cut, and
hematoxylin and eosin stained. Representative pictures are
shown for each experimental group (magnification X400).
High-power fields were randomly assigned per photograph,
and alveolar wall thickness (F) and ventilator-induced lung
injury (VILI) score (G) were determined. All graphs represent
means * SEM, n = 6/group. Analysis of variance (Student-
Newman-Keuls post hoc test), * P < 0.05 versus nonventi-
lated control; § P < 0.05 versus hypothermic air-ventilated
groups; T P < 0.05 versus H,S-ventilated groups.

reperfusion.'®*’ Our data add to these findings by demonstrat-
ing that the inhalation of 80 ppm H,S reduces apoptosis during
mechanical ventilation.

The intracellular signaling pathways that are involved in
hydrogen sulfide-mediated protection remain unclear.
HO-1 is known for its antiinflammatory and antiapoptotic
effects and, therefore, represents a candidate molecule in this
protection (reviewed in Ref. 33). In wvitro experiments
showed that the application of hydrogen sulfide on lipopo-
lysaccharide-stimulated macrophages led to the up-regula-
tion of HO-1, subsequent inhibition of nitric oxide produc-

tion, and nuclear factor-kB activation,'® suggesting that
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hydrogen sulfide may at least in part confer its protective
effects through HO-1 regulation. However, in accordance
with previous reports,*”*>® we found that cyclic stretching
of the lung during mechanical ventilation greatly induced
HO-1. Application of hydrogen sulfide did not further up-
regulate HO-1 as we postulated, but it decreased its protein
expression in the lung. Moreover, spontaneous breathing of
hydrogen sulfide for 6 h failed to induce HO-1 in lung tissue.
These findings suggest that in contrast to previous iz vitro
data, inhaled hydrogen sulfide does not prevent VILI by
directly stimulating the HO-1 signaling pathway in vivo.
Here, it seems more likely that HO-1 induction results as
a stress response during mechanical ventilation and that
hydrogen sulfide prevents its up-regulation by limiting
the cellular stress associated with mechanical ventilation.
Akin to HO-1, spontaneous hydrogen sulfide inhalation
failed to modulate the expression of HSP70, another
stress-inducible protein. As with HO-1, mechanical ven-
tilation induced HSP70 protein29’43’50 that showed a
trend to decrease in the presence of hydrogen sulfide. On
the basis of these data, we suggest that hydrogen sulfide
does not protect against VILI via HO-1/HSP70 path-
ways, but it reduces cellular stress and thereby prevents
stress-protein expression.

Because airway and perfusion pressure may affect the de-
gree of VILI, these physiologic parameters were measured
and analyzed. In this respect, we could not detect any differ-
ences in these parameters between hydrogen sulfide- and
air-ventilated mice, suggesting no major impact of hydrogen
sulfide on airway or vessel tone.® However, our data show a
substantial difference between hydrogen sulfide- and air-ven-
tilated mice regarding their body temperature during me-
chanical ventilation. Although both groups were subjected to
the same fixed heating protocol, mean T} of hydrogen sul-
fide—ventilated mice over 6 h did not exceed 34°C, whereas
air-ventilated mice reached a mean T, of 36°C. A decrease in
T, by inhalation of 80 ppm H,S has been described recent-
ly®s1
of hypometabolism associated with induced suspended ani-

and was explained as the consequence of the induction

mation.””® With respect to the current article, we hypothe-
sized that decreased body temperature by itself might impact
the development of VILI. Recent studies have implied pro-
tective effects of hypothermia either by increasing survival in
hypoxia® or by inhibiting the migration of neutrophils in a
mechanical ventilation and acid-induced lung injury model
at a body temperature of 33°C.*® Moreover, a body temper-
ature of 27°C during injurious mechanical ventilation of
lipopolysaccharide-challenged rats profoundly decreased
lung injury parameters such as neutrophil influx, interleu-
kin-1 levels, or histologic score in the lung.>® Therefore, we
examined whether the protective effects mediated by hydro-
gen sulfide inhalation were mainly due to the induction of
hypothermia. In a separate experimental series, ventilating
mice with synthetic air alone at 34°C Ty reduced alveolar
wall thickening and interleukin-13 and MIP-1f release.
However, VILI score and neutrophil influx were unaffected

Faller et al.

in our model, suggesting that a slight decrease in mean T},
from 36°C to 34°C is not sufficient to completely prevent
VILI. Moreover, hydrogen sulfide-mediated antiinflamma-
tory and lung protective effects were present to the same
extent irrespective of whether animals were kept under nor-
mothermia or mild hypothermia. At both temperatures, and
without differences between groups (T, 36°C and 34°C),
hydrogen sulfide administration substantially prevented cy-
tokine release, neutrophil influx, alveolar wall thickening,
and lung injury measured by VILI score. These data clearly
demonstrate that the application of hydrogen sulfide protects
from ventilator-induced inflammation and lung injury inde-
pendent of thermoregulatory processes. Moreover, a decrease
of only 2°C seems to not significantly influence either lung
injury or protection.

In the current study, we show for the first time that the
inhalation of hydrogen sulfide during mechanical ventilation
prevents VILI in mice. In this regard, hydrogen sulfide exerts
antiinflammatory effects by limiting cytokine release and
neutrophil transmigration. Hydrogen sulfide decreases body
temperature to a mild hypothermia, yet the thermoregula-
tion by hydrogen sulfide remains an independent factor for
hydrogen sulfide-mediated lung protection.

References

1. Lionetti V, Recchia FA, Ranieri VM: Overview of ventilator-
induced lung injury mechanisms. Curr Opin Crit Care
2005; 11:82-6

2. Belperio JA, Keane MP, Lynch JP III, Strieter RM: The role
of cytokines during the pathogenesis of ventilator-associ-
ated and ventilator-induced lung injury. Semin Respir Crit
Care Med 2006; 27:350-64

3. Ventilation with lower tidal volumes as compared with
traditional tidal volumes for acute lung injury and the
acute respiratory distress syndrome. The Acute Respira-
tory Distress Syndrome Network. N Engl J Med 2000;
342:1301-8

4. Mclntyre LA, Fergusson DA, Hebert PC, Moher D, Hutchi-
son JS: Prolonged therapeutic hypothermia after traumatic
brain injury in adults: A systematic review. JAMA 2003;
289:2992-9

5. Hypothermia after Cardiac Arrest Study Group: Mild ther-
apeutic hypothermia to improve the neurologic outcome
after cardiac arrest. N Engl ] Med 2002; 346:549-56

6. Roth MB, Nystul T: Buying time in suspended animation.
Sci Am 2005; 292:48-55

7. Blackstone E, Morrison M, Roth MB: H,S induces a sus-
pended animation-like state in mice. Science 2005; 308:
518

8. Volpato GP, Searles R, Yu B, Scherrer-Crosbie M, Bloch KD,
Ichinose F, Zapol WM: Inhaled hydrogen sulfide: A rapidly
reversible inhibitor of cardiac and metabolic function in the
mouse. ANESTHESIOLOGY 2008; 108:659 - 68

9. Khan AA, Schuler MM, Prior MG, Yong S, Coppock RW,
Florence LZ, Lillie LE: Effects of hydrogen sulfide exposure
on lung mitochondrial respiratory chain enzymes in rats.
Toxicol Appl Pharmacol 1990; 103:482-90

10. Lopez A, Prior M, Yong S, Albassam M, Lillie LE: Biochem-
ical and cytologic alterations in the respiratory tract of rats
exposed for 4 hours to hydrogen sulfide. Fundam Appl
Toxicol 1987; 9:753-62

11. Kilburn KH: Effects of hydrogen sulfide on neurobehav-
ioral function. South Med J 2003; 96:639 - 46

Anesthesiology, V 113 « No 1 « July 2010 113

20z uole €1 uo 3senb Aq Jpd 81.000-000200102-27S0000/€€0859/70L/L/EL L/Ppd-8joie/ABojoisayisaue/woo IIeYdIaA|IS Zese//:djy wouj papeojumod



CRITICAL CARE MEDICINE

12.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

114

Bhatia M: Hydrogen sulfide as a vasodilator. TUBMB Life
2005; 57:603-6

. Collin M, Thiemermann C: Hydrogen sulfide and sulfite:

Novel mediators in the pathophysiology of shock and
inflammation. Shock 2005; 24:595-6

Zanardo RC, Brancaleone V, Distrutti E, Fiorucci S, Cirino
G, Wallace JL: Hydrogen sulfide is an endogenous modu-
lator of leukocyte-mediated inflammation. FASEB ] 2006;
20:2118-20

Zhi L, Ang AD, Zhang H, Moore PK, Bhatia M: Hydrogen
sulfide induces the synthesis of proinflammatory cytokines
in human monocyte cell line U937 via the ERK-NF-kappaB
pathway. J Leukoc Biol 2007; 81:1322-32

Oh GS, Pae HO, Lee BS, Kim BN, Kim JM, Kim HR, Jeon SB,
Jeon WK, Chae HJ, Chung HT: Hydrogen sulfide inhibits
nitric oxide production and nuclear factor-kappaB via
heme oxygenase-1 expression in RAW264.7 macrophages
stimulated with lipopolysaccharide. Free Radic Biol Med
2006; 41:106-19

Sivarajah A, McDonald MC, Thiemermann C: The produc-
tion of hydrogen sulfide limits myocardial ischemia and
reperfusion injury and contributes to the cardioprotective
effects of preconditioning with endotoxin, but not isch-
emia in the rat. Shock 2006; 26:154-61

Sivarajah A, Collino M, Yasin M, Benetti E, Gallicchio M,
Mazzon E, Cuzzocrea S, Fantozzi R, Thiemermann C: Anti-
apoptotic and anti-inflammatory effects of hydrogen sul-
fide in a rat model of regional myocardial I/R. Shock 2009;
31:267-74

Tripatara P, Patel NS, Collino M, Gallicchio M, Kieswich J,
Castiglia S, Benetti E, Stewart KN, Brown PA, Yaqoob MM,
Fantozzi R, Thiemermann C: Generation of endogenous
hydrogen sulfide by cystathionine gamma-lyase limits renal
ischemia/reperfusion injury and dysfunction. Lab Invest
2008; 88:1038-48

Elrod JW, Calvert JW, Morrison J, Doeller JE, Kraus DW, Tao
L, Jiao X, Scalia R, Kiss L, Szabo C, Kimura H, Chow CW,
Lefer DJ: Hydrogen sulfide attenuates myocardial ischemia-
reperfusion injury by preservation of mitochondrial function.
Proc Natl Acad Sci U S A 2007; 104:15560 -5

Johansen D, Ytrehus K, Baxter GF: Exogenous hydrogen
sulfide (H,S) protects against regional myocardial isch-
emia-reperfusion injury— evidence for a role of K ATP
channels. Basic Res Cardiol 2006; 101:53-60

Fiorucci S, Antonelli E, Distrutti E, Rizzo G, Mencarelli A,
Orlandi S, Zanardo R, Renga B, Di Sante M, Morelli A,
Cirino G, Wallace JL: Inhibition of hydrogen sulfide gen-
eration contributes to gastric injury caused by anti-inflam-
matory nonsteroidal drugs. Gastroenterology 2005; 129:
1210-24

Distrutti E, Sediari L, Mencarelli A, Renga B, Orlandi S, An-
tonelli E, Roviezzo F, Morelli A, Cirino G, Wallace JL, Fiorucci
S: Evidence that hydrogen sulfide exerts antinociceptive ef-
fects in the gastrointestinal tract by activating K, » channels.
J Pharmacol Exp Ther 2006; 316:325-35

Distrutti E, Sediari L, Mencarelli A, Renga B, Orlandi S, Russo G,
Caliendo G, Santagada V, Cirino G, Wallace JL, Fiorucci S:
5-Amino-2-hydroxybenzoic acid 4-(5-thioxo-5H-[1,2]dithiol-3yl)-
phenyl ester (ATB-429), a hydrogen sulfide-releasing derivative
of mesalamine, exerts antinociceptive effects in a model of
postinflammatory hypersensitivity. ] Pharmacol Exp Ther 2006;
319:447-58

Li L, Rossoni G, Sparatore A, Lee LC, Del Soldato P, Moore
PK: Anti-inflammatory and gastrointestinal effects of a
novel diclofenac derivative. Free Radic Biol Med 2007;
42:706-19

Esechie A, Kiss L, Olah G, Horvath EM, Hawkins H, Szabo
C, Traber DL: Protective effect of hydrogen sulfide in a
murine model of acute lung injury induced by combined
burn and smoke inhalation. Clin Sci (Lond) 2008; 115:91-7

Li T, Zhao B, Wang C, Wang H, Liu Z, Li W, Jin H, Tang C,

Anesthesiology, V 113 ¢« No 1 ¢ July 2010

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

40.

41.

42.

43.

44.

Du J: Regulatory effects of hydrogen sulfide on IL-6, 1L-8
and IL-10 levels in the plasma and pulmonary tissue of rats
with acute lung injury. Exp Biol Med (Maywood) 2008;
233:1081-7

Hoetzel A, Schmidt R, Vallbracht S, Goebel U, Dolinay T,
Kim HP, Ifedigbo E, Ryter SW, Choi AM: Carbon monoxide
prevents ventilator-induced lung injury via caveolin-1. Crit
Care Med 2009; 37:1708-15

Hoetzel A, Dolinay T, Vallbracht S, Zhang Y, Kim HP, If-
edigbo E, Alber S, Kaynar AM, Schmidt R, Ryter SW, Choi AM:
Carbon monoxide protects against ventilator-induced lung
injury via PPAR-gamma and inhibition of Egr-1. Am J Respir
Crit Care Med 2008; 177:1223-32

Nishina K, Mikawa K, Takao Y, Shiga M, Maekawa N,
Obara H: Intravenous lidocaine attenuates acute lung in-
jury induced by hydrochloric acid aspiration in rabbits.
ANESTHESIOLOGY 1998; 88:1300-9

Ricard JD, Dreyfuss D, Saumon G: Production of inflamma-
tory cytokines in ventilator-induced lung injury: A reap-
praisal. Am J Respir Crit Care Med 2001; 163:1176-80
Qingyou Z, Junbao D, Weijin Z, Hui Y, Chaoshu T, Chunyu
Z: Impact of hydrogen sulfide on carbon monoxide/heme
oxygenase pathway in the pathogenesis of hypoxic pul-
monary hypertension. Biochem Biophys Res Commun
2004; 317:30-7

Ryter SW, Choi AM: Heme oxygenase-1: Redox regulation
of a stress protein in lung and cell culture models. Anti-
oxid Redox Signal 2005; 7:80-91

Cheng Y, Ndisang JF, Tang G, Cao K, Wang R: Hydrogen
sulfide-induced relaxation of resistance mesenteric artery
beds of rats. Am J Physiol 2004; 287:H2316-23

Siebert N, Cantre D, Eipel C, Vollmar B: H2S contributes to
the hepatic arterial buffer response and mediates vasore-
laxation of the hepatic artery via activation of K, p chan-
nels. Am J Physiol 2008; 295:G1266-73

Kira S, Daa T, Kashima K, Mori M, Noguchi T, Yokoyama
S: Mild hypothermia reduces expression of intercellular
adhesion molecule-1 (ICAM-1) and the accumulation of
neutrophils after acid-induced lung injury in the rat. Acta
Anaesthesiol Scand 2005; 49:351-9

Frank JA, Matthay MA: Science review: Mechanisms of
ventilator-induced injury. Crit Care 2003; 7:233-41
Ricard JD, Dreyfuss D, Saumon G: Ventilator-induced lung
injury. Eur Respir J Suppl 2003; 42:25-9s

. Frank JA, Pittet JF, Wray C, Matthay MA: Protection from

experimental ventilator-induced acute lung injury by IL-1
receptor blockade. Thorax 2008; 63:147-53

Jiang JS, Wang LF, Chou HC, Chen CM: Angiotensin-con-
verting enzyme inhibitor captopril attenuates ventilator-
induced lung injury in rats. J Appl Physiol 2007; 102:
2098-103

Kim JH, Suk MH, Yoon DW, Lee SH, Hur GY, Jung KH,
Jeong HC, Lee SY, Lee SY, Suh IB, Shin C, Shim JJ, In KH,
Yoo SH, Kang KH: Inhibition of matrix metalloproteinase-9
prevents neutrophilic inflammation in ventilator-induced
lung injury. Am J Physiol 2006; 291:L580-7

Bhatia M, Sidhapuriwala JN, Sparatore A, Moore PK: Treat-
ment with H,S-releasing diclofenac protects mice against
acute pancreatitis-associated lung injury. Shock 2008; 29:
84-8

Copland IB, Kavanagh BP, Engelberts D, McKerlie C, Belik
J, Post M: Early changes in lung gene expression due to
high tidal volume. Am J Respir Crit Care Med 2003; 168:
1051-9

Reutershan J, Ley K: Bench-to-bedside review: Acute re-
spiratory distress syndrome—how neutrophils migrate
into the lung. Crit Care 2004; 8:453-61

Faller et al.

20z uole €1 uo 3senb Aq Jpd'81.000-000200102-27S0000/€€0859/70L/L/EL L/Ppd-ajoile/ABojoisayisaue/Wwod IIBYDIBA|IS ZeSE//:d}Y WOl papeojumo]



Inbaled Hydrogen Sulfide Protects against VILI

45.

40.

47.

48.

49.

Kawano T, Mori S, Cybulsky M, Burger R, Ballin A, Cutz E,
Bryan AC: Effect of granulocyte depletion in a ventilated
surfactant-depleted lung. J Appl Physiol 1987; 62:27-33

Le A, Damico R, Damarla M, Boueiz A, Pae HH, Skirball J,
Hasan E, Peng X, Chesley A, Crow MT, Reddy SP, Tuder
RM, Hassoun PM: Alveolar cell apoptosis is dependent on
P38 MAP kinase-mediated activation of xanthine oxi-
doreductase in ventilator-induced lung injury. J Appl
Physiol 2008; 105:1282-90

Syrkina O, Jafari B, Hales CA, Quinn DA: Oxidant stress
mediates inflammation and apoptosis in ventilator-induced
lung injury. Respirology 2008; 13:333-40

Hu LF, Lu M, Wu ZY, Wong PT, Bian JS: Hydrogen sulfide
inhibits rotenone-induced apoptosis via preservation of mi-
tochondrial function. Mol Pharmacol 2009; 75:27-34

Sodha NR, Clements RT, Feng J, Liu Y, Bianchi C, Horvath

Faller et al.

50.

51.

52.

53.

EM, Szabo C, Sellke FW: The effects of therapeutic sulfide on
myocardial apoptosis in response to ischemia-reperfusion
injury. Eur J Cardiothorac Surg 2008; 33:906-13

Falk DJ, Deruisseau KC, Van Gammeren DL, Deering MA,
Kavazis AN, Powers SK: Mechanical ventilation promotes
redox status alterations in the diaphragm. J Appl Physiol
20006; 101:1017-24

Blackstone E, Roth MB: Suspended animation-like state
protects mice from lethal hypoxia. Shock 2007; 27:370-2
Minard FN, Grant DS: Hypothermia as a mechanism for
drug-induced resistance to hypoxia. Biochem Pharmacol
1982; 31:1197-203

Hong SB, Koh Y, Lee IC, Kim MJ, Kim WS, Kim DS, Kim
WD, Lim CM: Induced hypothermia as a new approach to
lung rest for the acutely injured lung. Crit Care Med 2005;
33:2049-55

Anesthesiology, V 113 « No 1 « July 2010 115

20z uole €1 uo 3senb Aq Jpd 81.000-000200102-27S0000/€€0859/70L/L/EL L/Ppd-8joie/ABojoisayisaue/woo IIeYdIaA|IS Zese//:djy wouj papeojumod



