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Hydrogen Sulfide Exerts Anti-oxidative and Anti-inflammatory
Effects in Acute Lung Injury

Kornelia K. Zimmermann,1 Sashko G. Spassov,1 Karl M. Strosing,1 Paul M. Ihle,1

Helen Engelstaedter,1 Alexander Hoetzel,1 and Simone Faller 1,2

Abstract— Acute lung injury (ALI) caused by septic stimuli is still a major problem
in critical care patients. We have shown previously that hydrogen sulfide (H2S)
mediates anti-inflammatory and lung protective effects. In the present study, we aimed
to investigate the underlying mechanisms. C57BL/6N mice were instilled with lipo-
polysaccharide (LPS) intranasally in the absence or presence of inhaled H2S for 6 h.
LPS instillation led to alveolar wall thickening, an elevated ALI score, increased
neutrophil transmigration, and elevated interleukin-1β cytokine release into the bron-
choalveolar lavage fluid. In contrast, H2S inhalation prevented lung injury and inflam-
mation despite LPS treatment. Moreover, H2S inhalation significantly inhibited protein
expression of cystathionine-β-synthetase, heat shock protein 70, phosphorylated p38
MAP kinase, NADPH oxidase 2, and the formation of reactive oxygen species (ROS)
in LPS-challenged animals. In conclusion, H2S prevents LPS-induced ALI by inhibi-
tion of pro-inflammatory and oxidative responses via the concerted attenuation of stress
protein, MAP kinase, and ROS signaling pathways.
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BACKGROUND

Pulmonary infection is the most important cause
of acute lung injury (ALI) and acute respiratory dis-
tress syndrome (ARDS) and continues to produce a
high rate of morbidity and mortality in the intensive
care unit [1]. Lung injury upon infection is character-
ized by a strong inflammatory response, reflected by
transmigration of immune-competent cells (e.g., neu-
trophils) and the release of pro-inflammatory cytokines

(e.g., interleukin-1β). Subsequently, the inflammatory
process damages alveolar architecture resulting in crit-
ical impairment of lung function [2]. Despite antibiotic
treatment and protective mechanical ventilation, to date
no specific treatment has been shown to improve the
clinical outcome of patients suffering from ALI/ARDS.

Several signaling pathways are involved in the
outcome of ALI caused by infective stimuli. Among
them, the induction of heat shock proteins like
hemeoxygenase-1 (HO-1) and heat shock protein 70
(HSP70) [3], or the inhibition of MAP kinase signal-
ing, all mediate cytoprotective and anti-inflammatory
effects in various models of lung injury [4–6]. In
addition, the inflammatory response in sepsis is also
triggered by oxidative stress resulting from the exces-
sive production of reactive oxygen species (ROS). In
th i s r e spec t , hyd rogen su l f ide (H2S) i s an
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endogenously produced gasotransmitter that is known
for its anti-inflammatory and redox regulating capacity.
Exogenous administration of H2S has been shown to
mediate protective effects in various animal disease
models, such as ischemia-reperfusion injury [7],
ventilator-induced ALI [8], hyperoxia-induced ALI
[9], or oleic acid-induced lung injury [10]. We have
recently demonstrated that inhalation of 80 parts per
million (ppm) H2S exerts anti-inflammatory effects and
can protect against ALI in an inflammatory model of
lipopolysaccharide (LPS)-induced lung injury [11].
However, the molecular signaling pathways involved
in the observed protection are widely unknown. We
therefore hypothesized that H2S may modulate the
generation of ROS and that H2S producing enzymes,
heat shock protein responses, MAP kinase signaling,
and the release and attraction of inflammatory media-
tors may also be affected by H2S in LPS-induced ALI.
In the present study, we thus defined the role of anti-
inflammatory, anti-oxidative, and feedback pathways
in H2S-mediated lung protection during inflammation.
We show for the first time that prevention of lung
injury is associated with the anti-oxidative effects of
H2S inhalation leading to a concerted inhibition of p38
MAPK signal ing, ROS formation, and Nox2
expression.

METHODS

Animals and Experimental Setting

C57BL/6N mice (n = 24) were randomly assigned
to four experimental groups: Group 1 (control): mice
were exposed to synthetic air for 1 h, were instilled
with 70 μl endotoxin-free PBS intranasally (i.n.), and
breathed air for another 6 h. Group 2 (control + H2S):
mice breathed air supplemented with 80 ppm H2S for
1 h, received PBS i.n., and breathed H2S for another
6 h. Group 3 (LPS): mice breathed air for 1 h, received
0.25 ng LPS in 70 μl PBS i.n. (Escherichia coli
055:B5; Sigma-Aldrich Chemie GmbH, Munich, Ger-
many), and breathed air for another 6 h. Group 4 (LPS
+ H2S): mice breathed 80 ppm H2S for 1 h, received
LPS i.n., and breathed H2S for another 6 h. Experi-
ments were performed in a sealed Plexiglass chamber
in which H2S concentration was measured continuous-
ly using a portable gas monitor (MX6 iBrid, Industrial
Scientific Corporation, Oakdale, PA). All animal ex-
periments were performed in accordance with

guidelines of the local animal care commission (Ethics
C omm i t t e e U n i v e r s i t y o f F r e i b u r g a n d
Regierungspräsidium Freiburg, Freiburg, Germany,
Permission No. G-07/25) and in conformance with
the journals’ requirements for human and animal trials.

End of Experiment, Tissue Sampling, and
Bronchoalveolar Lavage

At the end of each experiment, all mice were
sacrificed by an intraperitoneal, overdosed injection of
ketamine (180 mg/kg) and acepromazine (1.8 mg/kg).
Bronchoalveolar lavage (BAL) fluid and lung tissue for
Western Blot analysis and histological examination were
gained as described previously [9, 11].

Cytokine Measurements

BAL aliquots were analyzed using an interleukin-1β
(IL-1β) ELISA kit (R&D Systems GmbH, Wiesbaden,
Germany) according to the manufacturers’ instructions.

Histological Examination

Cryosections of the left lung lobes and hematoxylin
and eosin staining was performed and analyzed as de-
scribed previously [9].

Detection of Reactive Oxygen Species

Dihydroethidium (DHE, Life Technologies GmbH,
Darmstadt, Germany) was used to detect reactive oxygen
species (ROS) in lung tissue as described earlier [9]. Den-
sitometric analysis was performed with the ImageJ soft-
ware (National Institutes of Health; Bethesda, MD; avail-
able at: http://rsbweb.nih.gov.).

Immunoblotting

Western blotting was performed as described re-
cently [12]. The membranes were incubated with anti-
bodies against 3-mercaptopyruvate sulfurtransferase (3-
MST; Sigma, Taufkirchen, Germany), cystathionine-γ-
lyase (CSE; Santa Cruz Biotechnology Inc., Heidel-
berg, Germany) or cystathionine-β-synthetase (CBS;
Abnova, Heidelberg, Germany), hemeoxygenase-1
(HO-1; Biomol GmbH, Hamburg, Germany), heat
shock protein 70 (HSP70; Abcam, Cambridge, UK),
phosphorylated c-jun N-terminale kinase (pJNK),
phosphorylated extracellular-signal regulated kinases
(pERK1/2), phosphorylated p38 (pp38; all Cell Signal-
ing, Frankfurt, Germany), NADPH oxidase 1 and 4
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(Nox1; Nox4; Santa Cruz), or Nox2 (Becton Dickinson
GmbH, Heidelberg, Germany). Normalization in order
to control equal protein loading was performed by
stripping and re-blotting of the membranes with
glyceraldehyde-3-phosphate-dehydrogenase (GAPDH;
Enzo Life Sciences GmbH, Lörrach, Germany) or β-
tubulin (Cell Signaling). Data represent fold induction
of indicated proteins with respect to GAPDH or β-
tubulin after densitometric analysis.

Statistical Analysis

Experiments were performed with n = 6 mice
per group. Power calculations were performed prior
to the study in order to define group sizes. Graphs
represent means ± standard error of means (SEM).
Data were further analyzed for normal variation prior
to one-way analysis of variance (ANOVA) followed
by the Student-Newman-Keuls post hoc test. In the
case of failed normality testing, ANOVA on ranks
(Kruskal-Wallis test) was used, followed by the
Dunn’s post hoc test. P < 0.05 was considered sig-
nificant. All calculations were performed with the

SigmaPlot 11.0 statistical software (Systat Software
Inc., Erkrath, Germany).

RESULTS

Effect of Hydrogen Sulfide on LPS-Induced Lung
Damage and Inflammation

When compared to control animals in the presence or
absence of H2S (Fig. 1a Bcontrol,^ Bcontrol + H2S^),
intranasal application of LPS led to a profound induction
of histological lung damage after 6 h (Fig. 1a BLPS^),
characterized by alveolar wall thickening and an increased
ALI score (Fig. 1b, c). In contrast, inhalation of 80 ppm
H2S for 6 h reduced these signs of histopathological dam-
age despite LPS application (Fig. 1a–c). LPS treatment
also induced neutrophil sequestration (Fig. 2a) and the
release of the pro-inflammatory cytokine IL-1β (Fig. 2b)
into the bronchoalveolar space compared to control or
control + H2S mice. Likewise, H2S inhalation during LPS
treatment reduced neutrophil influx and IL-1β release to
control levels (Fig. 2).
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Fig. 1. Effect of hydrogen sulfide on LPS-induced lung damage. As controls, mice received phosphate-buffered saline (PBS, intranasally) and were kept in
room air (control) or in 80 ppmH2S (control + H2S) for 6 h. LPS-treatedmice (LPS i.n.) were either kept in room air (LPS) or in 80 ppmH2S (LPS +H2S) for
6 h. Sections from the left lung lobe were stained with hematoxylin and eosin. Representative pictures are shown for each experimental group
(magnification = 200× (a)). High-power fields were randomly assigned to measure alveolar wall thickness (b) and to calculate an acute lung injury (ALI)
score (c). Data represent means ± SEM for n = 6/group. ANOVA (Student-Newman-Keuls post hoc test), *P < 0.05 vs. control group; #P < 0.05 vs. control +
H2S group; §P < 0.05 vs. LPS + H2S group.
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Effect of Hydrogen Sulfide on CBS Protein Expression

We next sought to determine whether exogenous
H2S-application exerts a feedback-loop on endogenous
H2S production. Cystathionine-γ-lyase (CSE),
c y s t a t h i o n i n e -β - s y n t h e t a s e (CBS ) , a n d 3 -
mercaptopyruvate sulfurtransferase (3-MST) catalyze
H2S synthesis and are expressed in the lungs [13].
Compared to control animals, Western blot analysis
of lung tissue revealed that expression of 3-MST and
CSE was neither affected by LPS nor by H2S treatment
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Fig. 2. Effect of hydrogen sulfide on LPS-induced lung inflammation. As
controls, mice received phosphate-buffered saline (PBS, intranasally) and
were kept in room air (control) or in 80 ppm H2S (control + H2S) for 6 h.
LPS-treated mice (LPS i.n.) were either kept in room air (LPS) or in
80 ppm H2S (LPS + H2S) for 6 h. Bronchoalveolar lavage was performed
in the right lung. The relative amount of neutrophils (a) was determined by
cytospin analysis, and the amount of IL-1β (b) was determined by ELISA.
Graphs represent means ± SEM, n = 6/group. ANOVA (Student-Newman-
Keuls post hoc test) (a) or ANOVA on ranks (Dunn’s post hoc test) (b),
*P < 0.05 vs. control group; #P < 0.05 vs. control + H2S group; §P < 0.05
vs. LPS + H2S group; n.d. not detectable.
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Fig. 3. Effect of hydrogen sulfide on CBS protein expression. As controls,
mice received phosphate-buffered saline (PBS, intranasally) and were kept
in room air (control) or in 80 ppmH2S (control + H2S) for 6 h. LPS-treated
mice (LPS i.n.) were either kept in room air (LPS) or in 80 ppm H2S (LPS
+ H2S) for 6 h. Lung samples were taken from the upper right lobe for
Western blot analysis. Normalization in order to control equal protein
loading was performed by stripping and re-blotting of the membranes with
glyceraldehyde-3-phosphate-dehydrogenase (GAPDH) or β-tubulin. Rep-
resentative Western blots are shown for 3-mercaptopyruvate
sulfurtransferase (3-MST (a)), cystathionine-γ-lyase (CSE (b)),
cystathionine-β-synthetase (CBS (c)), and β-tubulin (lower panel in a)
and GAPDH (lower panel in b and c). Densitometric analysis of all
samples were normalized to GAPDH and expressed as fold induction for
CBS (d). Graphs represent means ± SEM, n = 6/group. ANOVA (Student-
Newman-Keuls post hoc test), §P < 0.05 vs. LPS + H2S treated group.
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or a combination of both (Fig. 3a, b). However, LPS
instillation induced CBS expression which was absent
in the presence of H2S inhalation (Fig. 3c, d).

Effect of Hydrogen Sulfide on Heat Shock Protein
Expression

Other important pathways in the prevention of LPS-
induced ALI are ascribed to the induction of stress protein
signaling, e.g., hemoxygenase-1 (HO-1) and heat shock
protein 70 (HSP70) [3]. HO-1 protein expression was not
affected by LPS and/or additional H2S treatment (Fig. 4a).
HSP70 protein expression was markedly reduced in lung
tissue of LPS + H2S mice, compared to all other groups
(Fig. 4b, c).

Effect of Hydrogen Sulfide onMAP Kinase Expression

Because regulation of MAP kinase signaling has
been shown to confer protection against LPS-induced
ALI [14], we evaluated lung tissue protein expression
of phosphorylated JNK, ERK1/2, and p38 by Western
blotting. Phosphorylation of JNK was slightly reduced
in the LPS + H2S group compared to all other groups
(Fig. 5a, b). In contrast to control and control + H2S
animals, pERK1/2 protein expression was elevated af-
ter LPS treatment in the LPS and LPS + H2S group
(Fig. 5c, d). However, statistical analysis of both pJNK
and pERK1/2 did not reveal any differences. Expres-
sion of phosphorylated p38 MAPK (pp38 MAPK) was
reduced by H2S inhalation, both in the presence and
absence of LPS, while LPS alone had no influence on
pp38 MAPK expression as compared to non-treated
control animals (Fig. 5e, f).

Effect of Hydrogen Sulfide on Reactive Oxygen Species
Production

In LPS-induced ALI, the generation of ROS plays an
essential role in the promotion of lung damage and inflam-
mation [15]. We therefore evaluated, whether H2S affects
ROS production in our model of pulmonary inflammation.
DHE staining of lung tissue slices revealed that in contrast
to control or control + H2S treated animals, LPS instillation
alone caused significant ROS production (Fig. 6a BLPS^).
This effect was prevented by additional H2S inhalation
(Fig. 6a BLPS + H2S^). Quantification by densitometric
analysis of all experimental groups and animals confirmed
these results (Fig. 6b).

Effect of Hydrogen Sulfide on NADPH Oxidases

Because the enzymatic generation of superoxide
by NADPH oxidases (Nox) reflects the major source of
ROS, we next investigated lung tissue protein expres-
sion of Nox1, Nox4, and Nox2, all previously
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Fig. 4. Effect of hydrogen sulfide on heat shock protein expression. As
controls, mice received phosphate-buffered saline (PBS, intranasally) and
were kept in room air (control) or in 80 ppm H2S (control + H2S) for 6 h.
LPS-treated mice (LPS i.n.) were either kept in room air (LPS) or in
80 ppm H2S (LPS + H2S) for 6 h. Lung samples were taken from the
upper right lobe for Western blot analysis. Normalization in order to
control equal protein loading was performed by stripping and re-blotting
of the membranes with glyceraldehyde-3-phosphate-dehydrogenase
(GAPDH). Representative Western blots are shown for hemoxygenase-1
(HO-1 (a)) and heat shock protein 70 (Hsp70 (b)) and GAPDH (lower
panel in a and b). Densitometric analysis of all sampleswere normalized to
GAPDH and expressed as fold induction for Hsp70 (c). Graphs represent
means ± SEM, n = 6/group. ANOVA (Student-Newman-Keuls post hoc
test); §P < 0.05 vs. LPS + H2S group.
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described to be expressed in the lungs and to be in-
volved in ROS mediated organ damage in several
injury models [15]. Neither LPS nor H2S affected the
expression of Nox1 or Nox4 (Fig. 7a, b). In contrast,

LPS induced Nox2 as compared to the control. H2S
inhalation, irrespective of LPS instillation, markedly
reduced Nox2 protein expression in lung tissue (Fig.
7c, d).
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Fig. 5. Effect of hydrogen sulfide on MAP kinase expression. As controls, mice received phosphate-buffered saline (PBS, intranasally) and were kept in
room air (control) or in 80 ppmH2S (control + H2S) for 6 h. LPS-treated mice (LPS i.n.) were either kept in room air (LPS) or in 80 ppmH2S (LPS +H2S) for
6 h. Lung samples were taken from the upper right lobe for Western blot analysis. Normalization in order to control equal protein loading was performed by
stripping and re-blotting of the membranes with glyceraldehyde-3-phosphate-dehydrogenase (GAPDH). Representative Western blots are shown for pJNK
(a), pERK1/2 (c), and pp38 (e) and GAPDH (lower panel in a, c, e). Densitometric analysis of all samples were normalized to GAPDH and expressed as fold
induction for pJNK (b), pERK1/2 (d), and pp38 (f). Graphs represent means ± SEM, n = 6/group. ANOVA (Student-Newman-Keuls post hoc test); #P < 0.05
vs. control + H2S group; §P < 0.05 vs. LPS + H2S group.
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DISCUSSION

Acute lung injury resulting from lung infection re-
mains a major problem in intensive care units and is
associated with high morbidity and mortality rates. Despite
modern antibiotics and supportive treatment, at present,
specific therapeutic options in order to improve lung injury
are lacking. In this respect, we have demonstrated recently
that inhaled H2S in low dose can efficiently protect from
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Fig. 6. Effect of hydrogen sulfide on reactive oxygen species pro-
duction. As controls, mice received phosphate-buffered saline
(PBS, intranasally) and were kept in room air (control) or in
80 ppm H2S (control + H2S) for 6 h. LPS-treated mice (LPS
i.n.) were either kept in room air (LPS) or in 80 ppm H2S (LPS
+ H2S) for 6 h. Sections from the right lung lobe were stained by
dihydroethidium (DHE). Representative pictures are shown for
each experimental group as indicated (magnification = 200× (a)).
DHE fluorescence intensity was measured and expressed as fold
induction compared to PBS + air group (e). Graphs represent
means ± SEM, n = 6/group. ANOVA (Student-Newman-Keuls post
hoc test); *P < 0.05 vs. control group; #P < 0.05 vs. control +
H2S group; §P < 0.05 vs. LPS + H2S group.
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Fig. 7. Effect of hydrogen sulfide on NADPH oxidase expression. As c-
ontrols, mice received phosphate-buffered saline (PBS, intranasally) and
were kept in room air (control) or in 80 ppm H2S (control + H2S) for 6 h.
LPS-treated mice (LPS i.n.) were either kept in room air (LPS) or in
80 ppm H2S (LPS + H2S) for 6 h. Lung samples were taken from the
upper right lobe for Western blot analysis. Normalization in order to
control equal protein loading was performed by stripping and re-blotting
of the membranes with glyceraldehyde-3-phosphate-dehydrogenase
(GAPDH). Representative Western blots are shown for Nox1 (a), Nox4
(b), Nox2 (c), and GAPDH (lower panel in a–c). Densitometric analysis of
all samples were normalized to GAPDH and expressed as fold induction
for Nox2 (d). Graphs represent means ± SEM, n = 6/group. ANOVA on
ranks (Dunn’s post hoc test); #P < 0.05 vs. control + H2S group; §P < 0.05
vs. LPS + H2S group.
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ALI in a mouse model of pulmonary inflammation [11].
However, the underlying molecular pathways affected by
H2S in this model remain elusive. In the present study, we
show for the first time that H2S mediates this protection via
the inhibition of LPS-induced inflammatory and oxidative
processes, which in turn may result in the observed organ
protection.

Hydrogen Sulfide Prevents Lung Damage by Inhibiting
Inflammatory Processes

We have previously shown that inhalation of H2S
averts the development of acute lung injury in a mouse
model of LPS-induced acute lung injury [11]. In the current
study, we again showed that LPS treatment clearly elevated
histological signs of lung damage, e.g., alveolar wall thick-
ening and ALI score as compared to controls. The effect
was completely prevented by inhalation of H2S. Similar
results have been obtained by us and others in mouse
models of ventilator-induced lung injury [8, 16],
hyperoxia-induced lung injury [9], or endotoxin-induced
systemic inflammation [17], strongly underlining the lung
protective capacity of H2S treatment.

Lung injury as a response to LPS instillation has been
clearly linked to the elicited inflammatory response [18].
Neutrophil migration into lung tissue and the release of
pro-inflammatory cytokines like IL-1β have been shown
to mediate ALI [19]. In our model, LPS treatment led to a
vast transmigration of neutrophils into the bronchoalveolar
fluid that was accompanied by an increased IL-1β secre-
tion. H2S inhalation on the other hand reduced both neu-
trophil recruitment and IL-1β release back to control
levels. These findings are in line with recent publications
demonstrating the anti-inflammatory properties of H2S in
in vivo lung injury models like pulmonary inflammation
[11, 17], mechanical ventilation [8], hyperoxia [9], or acute
pancreatitis [20], reflecting that H2S-induced lung protec-
tion is mediated by anti-inflammatory effects.

Hydrogen Sulfide Inhibits CBS Expression in LPS-
Induced ALI

In the present study, we determined the impact of LPS
instillation with or without H2S inhalation on CSE, CBS,
and 3-MST expression in the lung. These enzymes endog-
enously catalyze the synthesis of H2S [21] and are thought
to be involved in organ protective effects in organ injury
models [22–25]. Especially the regulation of CSE has been
shown to exert organ protective effects in models of acute
lung injury induced by acute pancreatitis [22, 24], but also
all three were proven to be involved in attenuation of acute

kidney injury in rats [23]. Our data reveal that lung protein
expression of 3-MSTand CSEwas neither affected by LPS
nor by H2S treatment. Although reduced CSE activity was
attributed to LPS instillation in the rat lung [26, 27], we
could not detect any effect on pulmonary CSE upon LPS
challenge. In contrast, LPS instillation led to CBS induc-
tion that was prevented in the presence of H2S. Similar
findings were reported in a recent publication of Wagner
et al. [25]. Here, in a mouse model of blunt chest trauma,
intravenous sulfide injection resulted in the attenuation of
lung tissue apoptosis, which was accompanied by a re-
duced CBS and CSE protein expression [25]. Likewise,
the application of exogenous H2S in our model may initiate
the suppression of CBS activity, either as a result of re-
duced inflammation or as a direct negative feedback mech-
anism. Nonetheless, we show for the first time, that local
administration of H2S regulates CBS expression in the
lung, probably resulting in a reduction of endogenous
H2S production.

Hydrogen Sulfide Prevents Heat Shock Protein
Expression

Heat shock proteins like HO-1 or HSP70 are induced
due to various insults in vivo and in vitro. Upregulation of
both HO-1 and HSP70 in lung tissue have been described
as a result of LPS stimulation and are clearly involved in
protection against inflammation [3]. However, in our mod-
el, protein expression of HO-1 was unaffected by both LPS
stimulation and/or additional H2S inhalation, while HSP70
expression was reduced due to the combination of LPS and
H2S treatment. Although we did not find a role for HO-1 in
our model, the results of HSP70 are in line with our recent
observations in a model of ventilator-induced lung injury,
where H2S treatment also clearly reduced HSP70 expres-
sion [8]. These results suggest that H2S may limit pro-
inflammatory stress signaling in LPS-induced ALI.

Hydrogen Sulfide Prevents p38 MAP Kinase Signaling

Another possible pathway involved in the observed
lung protective effects of H2S may be MAPK signaling.
The regulation of MAPK activity has been reported to
mediate inflammatory and/or oxidative effects upon infec-
tious insults, thus augmenting lung injury [4, 28, 29].
Moreover, application of H2S has been described to block
MAPK signaling [5, 6, 30]. Inhibition of p38 activation by
H2S protected microglia from LPS-induced inflammation
[5]. Both p38 and ERK 1/2 expression were reduced upon
H2S application in PC-12 cells in a model of hypoxia-
induced injury [6], and H2S prevented endothelial cell
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damage in rats in an ischemia-reperfusion rat model by
blocking p38 and JNK signaling [30]. Our results showed
nomajor effect of LPS or H2S on the regulation of pJNK or
pERK1/2 expression. In contrast, phosphorylation of the
p38 MAPK was significantly reduced by H2S inhalation,
although LPS alone showed no effect. A more recent study
reported that H2S treatment can inhibit p38 MAPK activa-
tion, leading to cellular protection in in vitro models of
LPS-induced inflammation [5] or cobalt chloride-induced
hypoxia [6]. Moreover, Sivarajah and co-workers demon-
strated that the observed cardioprotective effects of H2S in
a rat model of regional myocardial ischemia-reperfusion
injury were at least in part due to a reduction in p38
phosphorylation [31], suggesting that H2S-related de-
creases in pp38 may play a role in protection from LPS-
induced lung injury in our model.

Hydrogen Sulfide Prevents ROS Production and
NADPH Oxidase 2 Signaling

It is widely accepted that pro-inflammatory signaling
involves the accumulation of reactive oxygen species.
Likewise, acute lung injury in response to LPS treatment
is characterized by excessive ROS production [32] and its
suppression has been shown to protect lungs from LPS-
induced ALI in several models [15]. H2S can limit ROS
either by directly scavenging free radicals, thus regulating
oxidative signaling pathways, or by suppressing the in-
flammatory response [33]. Here, we clearly demonstrate
that the vast ROS formation due to LPS challenge was
prevented by H2S treatment. These findings are in line with
recent studies carried out both by ourselves and others
in vivo as well as in vitro [9, 34–36]. For instance, in mouse
model of hyperoxia-induced, ROS were reduced by H2S
application, which was accompanied by the inhibition of
lung damage [9]. Likewise, in stimulated epithelial A549
cells [9], endothelial HUVEC cells [9], and RAW 264.7
macrophages [9], PC12 [35], and H9c2 [34] cells, applica-
tion of H2S suppressed ROS formation and prevented the
development of an inflammatory response.

With respect to an underlying mechanism, LPS-
induced production of ROS is mainly attributed to the enzy-
matic activity of NADPH oxidases [37]. Several Nox family
members have been described [32]. Among these, the regu-
lation of Nox1, Nox2, and Nox4 were associated with acute
lung injury [15, 38, 39]. In addition, H2S can reduce Nox
expression in vivo and in vitro [40–42]. Our results show that
neither LPS nor H2S influencedNox1 or Nox4 regulation. In
contrast, LPS-induced Nox2 expression was prevented in
response to H2S inhalation. The importance of Nox2

regulation in lung oxidative stress and inflammation has
been shown more recently [38, 39]. For instance, Menden
and co-workers found in human pulmonary microvascular
endothelial cells that LPS-induced oxidative stress and pro-
inflammatory signaling was regulated by Nox2 [39]. In
another LPS mouse model, Gandhirajan et al. showed that
blockade of Nox2 signaling prevented vascular leakage and
pulmonary edema in endothelial cells [38], suggesting that
inhibition of Nox2 expression in our model, probably
followed by downregulation of MAPK signaling, may also
inhibit the subsequent development of ALI.

CONCLUSION

In the present study, inhalation of hydrogen sulfide
prevents LPS-induced acute lung injury. CBS, HSP70,
p38, Nox2 protein expression, and ROS production were
all modulated due to H2S treatment. Although the results of
the current study do not reveal the rate of contribution or a
potential interaction between the signaling pathways, it
appears reasonable that the anti-inflammatory effects of
H2S-mediated lung protection are caused by limiting
ROS production due to inhibition of Nox2 and p38MAPK
signaling pathways.
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