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Compelling evidence suggests that hydrogen sulfide represents an important gaseous transmitter in the
mammalian respiratory system. In the present study, we have evaluated the role of mast cells in hydro-
gen sulfide-induced effects on airways in a mouse model of asthma. Mice were sensitized to ovalbumin
and received aerosol of a hydrogen sulfide donor (NaHS; 100 ppm) starting at day 7 after ovalbumin
challenge. Exposure to hydrogen sulfide abrogated ovalbumin-induced bronchial hypereactivity as well
as the increase in lung resistance. Concomitantly, hydrogen sulfide prevented mast cell activity as well

ﬁ?gfggnel;: sulfide as FGF-2 and IL-13 upregulation. Conversely, pulmonary inflammation and the increase in plasmatic
Mast cell IgE levels were not affected by hydrogen sulfide. A lack of hydrogen sulfide effects in mast cell defi-
Fibroblast cient mice occurred. Primary fibroblasts harvested from ovalbumin-sensitized mice showed an increased

proliferation rate that was inhibited by hydrogen sulfide aerosol. Furthermore, ovalbumin-induced trans-
differentiation of pulmonary fibroblasts into myofibroblasts was reversed. Finally, hydrogen sulfide did
abrogate in vitro the degranulation of the mast cell-like RBL-2H3 cell line. Similarly to the in vivo exper-
iments the inhibitory effect was present only when the cells were activated by antigen exposure. In
conclusion, inhaled hydrogen sulfide improves lung function and inhibits bronchial hyper-reactivity by
modulating mast cells and in turn fibroblast activation.

Pulmonary inflammation
Airway hypereactivity

© 2015 Elsevier Ltd. All rights reserved.

1. Introduction

Compelling evidence suggests that hydrogen sulfide represents
an important gaseous transmitter in the mammalian respiratory
system [ 1]. Hydrogen sulfide is an endogenous gaseous transmitter
that is produced in many tissues primarily by cystathionine -
synthase (CBS) and cystathionine y-lyase (CSE), two PLP dependent
enzymes. A third enzyme involved in hydrogen sulfide production
is 3-mercaptopyruvate sulfur transferase (MST) that also produces
hydrogen sulfide but does not require PLP [2,3]. These enzymes are
widely expressed in pulmonary and airway tissues, the expression
patterns and the extent of these enzymes are variable depending
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on the species and cell types [4]. It has been demonstrated that
administration of the hydrogen sulfide-donor, sodium hydrosul-
fide (NaHS) directly relaxes airway smooth muscle [5]. In addition,
intraperitoneal administration of an hydrogen sulfide donor or an
inhibitor of hydrogen sulfide biosynthesis alleviates or aggravates
allergen-induced airway hypereactivity, respectively [6,7]. Studies
performed using CSE KO mice have further confirmed that lower
hydrogen sulfide levels worsen airway hyperesponsiveness [7].
Recently, Huang et al. [5] showed that treating mice with an hydro-
gen sulfide donor by aerosol, airway hyperesponsiveness (AHR)
was significantly relieved. This effect on airway hypereactivity has
been associated to a direct relaxant effect of hydrogen sulfide on
airway smooth muscle. Moreover, Zhang et al. [7] demonstrate
that systemic administration of hydrogen sulfide donor, in addi-
tion to the direct relaxing effect, modulates eosinophil infiltration
as well as Th2 cytokine production. Hydrogen sulfide can relax also
human airway smooth muscle [8] and a positive correlation among
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the decline in lung function, the decreases in CSE expression and
the endogenous plasma hydrogen sulfide concentrations has been
found in asthmatic patients [9].

AHR is the main asthma feature. Several causative factors have
been proposed such as chronic inflammation, airway remodeling,
smooth muscle growth and epithelial damage, but the mechanisms
are not as yet clear [ 10]. This is probably because AHR is multifacto-
rial and therefore different in distinct asthma phenotypes [11]. An
essential role of mast cells in the development of mouse airway
hyperesponsiveness has been widely proposed. It is well estab-
lished that cross-linking of IgE Abs on mast cells by antigen triggers
the release of chemical mediators, which in turn cause the early
allergic reactions. Activation of mast cells also leads to the synthe-
sis of cytokines, which in turn contribute to chronic inflammation.
Several studies have demonstrated elevated number of mast cells
in different sites in the lung of the asthmatic patients and their
correlation with inflammation and impairment of pulmonary func-
tion[12-14]. Recently it has been also demonstrated that hydrogen
sulfide prevents heart failure development via inhibition of renin
release from mast cells in isoproterenol-treated rats [15].

In light of these findings, we investigated if the hydrogen sulfide
effect on airways involves mast cells. The study has been performed
by using a well known murine model of asthma induced by oval-
bumin. The contribution of mast cells in the development of AHR
has been also assessed by using mast cell-deficient mice. Hydrogen
sulfide has been administered by aerosol and both airway reactivity
and pulmonary inflammation have been evaluated.

2. Material and methods
2.1. RBL-2H3 cell culture and B-hexosaminidase measurement

RBL-2H3 (Rat Basophilic Leukemia Mast Cell Line; Japan Health
Sciences Foundation) [16] were sensitized with the monoclonal
anti-dinitrophenyl antibody anti-DNP IgE (0,50 wg/ml). The H,S-
donor NaHS (10, 100 oM and 1 mM; 5min) or the vehicle were
added after 24 h. RBL-2H3 cell degranulation was induced by (i)
the antigen dinitrophenyl-seralbumin 10 ng/ml (DNP); (ii) iono-
mycin 1 wM and (iii) thapsigargin 1 wM. Ttriton-X-100 was added
to cause exhaustive release of 3-hexosaminidase. All reagents were
purchased from Sigma-Aldrich, Milan Italy.

2.2. Mice

BALB/c, mast cell-deficient KitW-sh/W-sh mjce [17,18] and
C57BI6/] mice (Charles River) were housed in a controlled envi-
ronment and provided with standard rodent chow and water. All
mouse strains (20-25 g) were housed with a 12 h light dark cycle
and were allowed food and water ad libitum. Animal care was in
compliance with Italian regulations on protection of animals used
for experimental and other scientific purposes (D.M. 116192) as
well as with the EEC regulations (O.J. of E.C.L358/1 12/18/1986). All
studies were performed in accordance with European Union reg-
ulations for the handling and use of laboratory animals and were
approved by the local committee.

2.2.1. Antigen exposure and drug treatment of mice

Mice received subcutaneous administration of ovalbumin (OVA,
100 g) adsorbed onto Al(OH); at day O and 7. In a preliminary
screening, we determined that the optimal dose to be given by
aerosol of hydrogen sulfide was 100 ppm of NaHS. Rodents were
exposed to aerosolized NaHS or vehicle for up to 5 min, daily for 2
weeks. NaHS was administered to mice using an aerosol exposure
device (In Tox Products, N. Mex.). The system consisted of a central
chamber having separate aerosol supply and exhaust paths. The
central chamber had 24 ports that were directly connected to the

aerosol supply system. Mice were placed into individual aerosol
exposure tubes and restrained with an adjustable push plate and
end cap assembly so they could not turn around or back away
from the end of the tube. The restraint tubes containing the mice
were loaded onto ports on the central chamber and the air flow
adjusted to 11/min. The air (breathable quality air) flow to the PARI
LC Star nebulizer was held constant at 6.9 1/min. NaHS nebulized at
0.2 ml/min and delivered to the mice via the aerosol supply path.
Additional air (hereafter referred to as dilution air) was delivered
to nebulizer (where) to balance the over pressure of the air used
to deliver aerosolized drugs to the mice. Twenty four hours after
the last administration mice were anesthetized and subjected to
euthanasia (Fig. 2A).

2.3. Airway reactivity

2.3.1. Bronchial reactivity

Mice were sacrificed and bronchi were rapidly dissected and
cleaned from fat and connective tissue. Rings of 1-2 mm length
were cut and placed in organ baths (2,5 ml) filled with oxygenated
(95% 0,-5% CO;) Krebs solution at 37 °C and mounted to isometric
force transducers (type 7006, Ugo Basile, Comerio, Italy) and con-
nected to a Powerlab 800 (AD Instruments). Rings were initially
stretched until aresting tension of 0.5 g was reached and allowed to
equilibrate for at least 30 min during which tension was adjusted,
when necessary, to a 0.5g and bathing solution was periodically
changed. In a preliminary study, aresting tension of 0.5 g was found
to develop the optimal tension to stimulation with contracting
agents. In each experiment, bronchial rings were previously chal-
lenged with acetylcholine (10~ mol/l) until the responses were
reproducible. Subsequently, bronchi were challenged with carba-
chol.

2.3.2. Isolated perfused mouse lung preparation

The mouse lungs were perfused in a non-recirculating fash-
ion through the pulmonary artery at a constant flow of 1 ml/min
resulting in a pulmonary artery pressure of 2-3 cm H; 0. The perfu-
sion medium used was RPMI 1640 lacking phenol red (37 °C). The
lungs were ventilated by negative pressure (—3 and —9cm H;0)
with 90breathmin~! and a tidal volume of about 200 pl. Every
5 min a hyperinflation (—20 cm H,0) was performed. Artificial tho-
rax chamber pressure was measured with a differential pressure
transducer (Validyne DP 45-24) and airflow velocity with pneumo-
tachograph tube connected to a differential pressure transducer
(Validyne DP 45-15). The lungs respired humidified air. The arte-
rial pressure was continuously monitored by means of a pressure
transducer (Isotec Healthdyne) which was connected with the can-
nula ending in the pulmonary artery. All data were transmitted to
a computer and analysed with the Pulmodyn software (Hugo Sachs
Elektronik, March Hugstetten, Germany). The data were analyzed
through the following formula: P=V x C-1 + R x dV x dt~!, where
P is chamber pressure, C pulmonary compliance, V tidal volume, R
airway resistance. The airway resistance value registered was cor-
rected for the resistance of the pneumotacometer and the tracheal
cannula of 0.6 cmH,0sml~!. Lungs were perfused and ventilated
for 45 min without any treatment in order to obtain a baseline state.
Subsequently, lungs were challenged with carbachol. Repetitive
dose response curve of carbachol was administered as 50 .l bolus,
followed by intervals of 15 min, in which lungs were perfused with
buffer only.

2.4. Flow Cytometry Analysis

Lungs were digested with collagenase (Sigma-Aldrich, Italy).
Pulmonary inflammatory cells were determined by flow cytometry
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(BD FacsCalibur, Italy) using CD11c-APC, CD11b-PeCy5.5, cKit-
PeCy5.5 or- PE, IgE-FITC (Bioscience, San Diego, CA, USA).

2.5. Immunohistochemistry

Left lung lobes were paraffin-embedded and 7 wm sections
were obtained. The degree of inflammation was scored by blinded
observers by using hematoxylin and eosin (H&E) and Periodic
acid/Alcian blue/Schiff staining (PAS). PAS Staining (Sigma-Aldrich,
Milan Italy) was performed according to the manufacturer’s
instructions to detect glycoprotein. PAS+ cryosections were graded
with scores 0-4 to describe low to severe lung inflammation as
follows: 0: <5%; 1: 5-25%; 2: 25-50%; 3: 50-75%; 4: <75% pos-
itive staining/total lung area. FGF2 detection was performed by
using anti-FGF-2 or IgG isotype control (Santa Cruz, USA). Mast cell
recruitment was evaluated by means of toluidine blue staining (1%
solution).

2.6. Measurement of serum IgE levels

Plasmatic serum IgE levels were measured by ELISA accordingly
to the manufacturer’s instructions (BD Pharmingen, USA).

2.7. Fibroblast activity

2.7.1. Fibroblast culture

Mice were sacrificed and the thorax was opened, then lungs
were removed. Lungs were minced and incubated with DMEM
containing 15% FCS. Cultures were replaced three times weekly.
All cultures were evaluated by immunohistochemistry to assess
vimentin and all stained positively with vimentin. Selected cul-
tures were evaluated. Fibroblasts were passaged with trypsin/EDTA
(0.05% trypsin, 0.53 mM EDTA; GIBCO). Fibroblast between the
third and the sixth passages were used for assays.

2.7.2. Fibroblast proliferation and differentiation

Pulmonary fibroblasts were harvested from mice treated with
vehicle, OVA or OVA and exposed to hydrogen sulfide. Fibroblast
proliferation was assessed by the MTT, (3-[4,5-dimethylthiazol-2-
yl]-2,5-diphenyl) tetrazolium bromide, colorimetric assay. Fibro-
blast differentiation was tested by incubating cells with mouse
monoclonal antibody against a-SMA (Sigma-Aldrich, Italy) or rab-
bit polyclonal antibody against vimentin (Santa Cruz, CA). For
detection fluorescein labeled anti-mouse IgG (ABNOVA, Italy) or
Texas-Red labeled anti-rabbit IgG (ABNOVA, Italy) were used. The
level of myofibroblastic differentiation was measured by counting
at least 200 cells.

2.8. Statistical analysis

Data are means + SEM from at least 6 mice in each group. The
level of statistical significance was determined by one-way or two-
way analysis of variance (ANOVA) followed by Bonferroni’s test for
multiple comparisons by using the GraphPad Prism software (USA).

3. Results

3.1. Hydrogen sulfide inhibits antigen-induced degranulation in
RBL-2H3cells

A direct effect of hydrogen sulfide on mast cell degranula-
tion was investigated in vitro by using mast cell-like RBL-2H3
cell line. The addition of the antigen DNP-HSA to pre-sensitized
RBL-2H3 cells caused a significant degranulation evaluated as 8-
hexosaminidase release (Fig. 1A). An almost equivalent level of
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Fig. 1. Hydrogen sulfide reduces IgE-mediated RBL-H3 cells degranulation. (A)
RBL-2H3 cell degranulation was pharmacologically induced by (i) the antigen
dinitrophenyl-seralbumin 10 ng/ml (DNP), (ii) ionomycin (ION) 1 wM or (iii) thap-
sigargin (TPS) 1 wM. In matched wells, triton-X-100 was added, to elicit cell lysis
and exhaustive release of 3-hexosaminidase. The concentration of p-nitrophenate
release of 3-hexosaminidase was measured at 405 nm. (B) Cells were sensitised
with DNP and after 24 h incubated for 5 min with either the H,S-donor NaHS (10,
100 uM and 1 mM) or the vehicle. Cell degranulation was induced by DNP. (C) Cells
were incubated either with NaHS (1 mM) or vehicle for 5 min and cell degranulation
induced by ION or TPS. (**p <0.01 vs vehicle; p<0.001 vs vehicle).

degranulation was induced by the non-antigenic stimuli thapsigar-
gin and ionomycin (Fig. 1A). Hydrogen sulfide caused a remarkable
and concentration-dependent inhibition of the RBL-2H3 degranu-
lation induced by DNP-HAS (Fig. 1B). In contrast, hydrogen sulfide
did not exhibit any significant inhibitory activity on the degranu-
lation induced either by thapsigargin or ionomycin (Fig. 1C).

3.2. Hydrogen sulfide inhibits OVA-induced airway hypereactivity

Sensitized mice were exposed to NaHS inhalation (100 ppm;
5min) daily from day 7 to 21 (Fig. 2A). This dose was shown
not to cause any effect “per se”. Bronchial reactivity (Fig. 2B)
and lung resistance (Fig. 2C) after carbachol challenge were mea-
sured. Bronchi harvested from OVA-sensitized mice showed an
increased reactivity to carbachol in comparison to vehicle treated
mice (Fig. 2B). Similarly, increased lung resistances was present as
determined by using the isolated and perfused lung preparation
(Fig. 2C). NaHS inhalation reversed both bronchial hypereactivity
(Fig. 2B) and the increase of lung resistance (Fig. 2C) in OVA-treated
mice. Conversely, hydrogen sulfide inhalation did not alter OVA-
induced cell infiltration and inflammation (Fig. 2D). PAS positive
staining was still visible in pulmonary histology of lungs harvested
from mice sensitized and exposed to NaHS inhalation (Fig. 2E), as
also observed by the H&E staining (Fig. 2D) showing a still altered
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Fig. 2. Hydrogen sulfide inhalation abrogates OVA-induced airway hyper-reactivity. (A) Schematic representation of the protocol used. Mice received subcutaneous admin-
istration of OVA adsorbed onto alum at day 0 and 7. Aerosol administration of vehicle or hydrogen sulfide (NaHS, 100 ppm) was performed daily from day 7 to day 21. Twenty
four hours after the last administration mice were sacrificed. (B) Measurement of bronchial reactivity to carbachol. (C) Measurement of lung resistance by using isolated

sk

perfused lung preparation.

p<0.001 vs vehicle. (D) Histological analysis of pulmonary sections (Hematoxylin & Eosin). (E) Goblet cell hyperplasia evaluation by periodic

acid/Alcian blue/Schiff staining (**p <0.01 vs vehicle). Lung sections have been photographed under light microscopy at 10x magnification, PAS positive criosections were
graded with scores 0-4 to describe low to severe lung inflammation (0: <5%; 1: 5-25%; 2: 25-50%; 3: 50-75%; 4: <75% positive staining/total lung area). Data are means + SEM

from 6 mice in each group.

bronchial epithelium in OVA+NaHS treated mice compared to vehi-
cle mice.

3.3. Hydrogen sulfide affects mast cell degranulation and inhibits
fibrogenic cytokines production

Flow cytometry analysis of lungs harvested from OVA-sensitised
mice demonstrated a significant increase of mast cell recruitment.
The mast cells were identified as CD11c+ ¢ — Kit +Ige + positive cells
(Fig. 3A). Treatment of mice with NaHS neither affected mast
cell count (Fig. 3B) nor plasmatic IgE levels (Fig. 1B). Conversely
NaHS inhalation significantly affected mast cell degranulation as

evident by toluidine positive staining (Fig. 3C). Hydrogen sulfide
reversed also OVA-induced up-regulation of two important fibro-
genic cytokines IL-13 (Fig. 3D) and FGF-2 (Fig. 3E).

3.4. Mast cell-deficient KitW—sWW=sh mice fail to develop airway
hyperesponsiveness

Mast cell-deficient KitW—sh/W-sh mijce exposed to OVA sen-
sitization did not develop bronchial hypereactivity to carbachol
(Fig. 4A). Exposure of mice to NaHS during sensitization did not
further affect bronchial tone (Fig. 4A). On the other hand, a sig-
nificant airway hypereactivity was observed in the wild type mice
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Fig. 3. Hydrogen sulfide inhibits mast cell degranulation and cytokines expression in the lung. (A) Quantification of lung mast cells by flow cytometry identified as
CD11c+c—Kit+Ige + positive cells (**p<0.01 vs vehicle). (B) IgE sera levels were determined by using specific ELISA (*p<0.05 vs vehicle). (C) Toluidine blue staining of
paraffin-embedded lung sections. (D) Pulmonary IL-13 expression has been determined by ELISA. (E) Immunohistochemistry of FGF-2 expression in lungs, (*p<0.05 vs
vehicle, #p<0.05 vs OVA, ##p<0.01 vs OVA). Data are means + SEM from 6 mice in each group.

(C57BI6/], data not shown). Similarly to what observed in BALB/c
mice, NaHS treatment of sensitized C57BI6/] mice reversed OVA-
induced airway hypereactivity (data not shown). Sensitization of
mast cell-deficient KitW—sh/W=sh mijce failed to induce a significant
increase of both IL-13 (Fig. 4B) and FGF-2 (Fig. 4B) expression in
lung. Treatment of mast cell-deficient KitW—sMW-sh mjce with NaHS
did not affect all parameters evaluated (Fig. 4A-D). These dataimply
that mast cell is the primary target of hydrogen sulfide.

In order to further address the role of mast cells we treated mice
with OVA without alum using the protocol reported in supplemen-
tal Fig. 1A. This is a chronic allergic asthma model mainly mast cell
dependent [19]. Similarly, to what we found in the other model
the increase in mast cell recruitment driven by the sensitization
procedure was not affected by NaHS (Supplemental Fig. 1B), while
mast cell degranulation was blunted (Supplemental Fig. 1C). Also
in this experimental setting bronchial hypereactivity to carbachol
was abrogated by hydrogen sulfide aerosol (Supplemental Fig. 1D).
PAS staining evidenced a weak increase of goblet cells suggesting
a marginal role of mast cells in the regulation of mucus production
(Supplemental Fig. 1E). Finally hydrogen sulfide treatment did not
alter pulmonary morphology.

3.5. Fibroblasts harvested from mice exposed to NaHS diplayed a
reduced activation

Primary pulmonary fibroblasts were harvested from mice
exposed to OVA and their proliferation rate and differentiation
evaluated in vitro. Our data show that primary fibroblasts har-
vested from sensitized mice displayed an increased proliferation
rate (Fig. 5A) as well as increased expression of a-SMA (Fig. 5B
and C) as compared to vehicle treated mice When fibroblasts
were harvested from mice treated with hydrogen sulphide aerosol
in vivo both the increased proliferation rate and differentiation
were reverted (Fig. 5). Thus, mice exposed to hydrogen sulfide
inhalation displayed a significant reduction of fibroblast activation
beyond reduction of airway hyper-reactivity. In order to further
demonstrate that the fibroblasts contribute to mast-cell-dependent
airway hyper-reactivity, we evaluated fibroblast activation also in
the model of mast cell-dependent hyper-reactivity using the proto-
col described in Supplemental Fig. 1A. Our data show that primary
fibroblasts harvested from these mice displayed an increased rate
of proliferation (Supplemental Fig. 2A) as well as an increased
expression of a-SMA (Supplemental Fig. 2B and C). When mice
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Fig.4. Lack of effect of hydrogen sulfide in mast cell-deficient KitW-s"/W-sh mjce, Mast cell-deficient KitW-sMW-sh mijce received subcutaneous administration of OVA adsorbed
onto alum at day 0 and 7. Mice were treated with either vehicle or hydrogen sulfide aerosol daily from day 7 to 21. Twenty four hours after the last administration mice

were sacrificed. (A) Bronchial reactivity to carbachol was assessed. (B) Goblet cell

hyperplasia evaluation by periodic acid/Alcian blue/Schiff staining. Lung sections have

been photographed under light microscopy at 10x magnification, PAS positive criosections were graded with scores 0-4 to describe low to severe lung inflammation (0:
<5%; 1: 5-25%; 2: 25-50%; 3: 50-75%; 4: <75% positive staining/total lung area, **p <0.01 vs vehicle). (C) Pulmonary IL-13 expression has been determined by ELISA. (D)
Immunohistochemistry of FGF-2 pulmonary expression. Data are means 4+ SEM from 6 mice in each group.

were treated with aerosol of hydrogen sulfide, both the increased
fibroblast proliferation and differentiation measured ex vivo were
prevented (Supplemental Fig. 2) as well as the airway hyper-
reactivity.

4. Discussion

There is a growing body of evidence suggesting that hydro-
gen sulfide might be of clinical benefit in pulmonary diseases. In
particular, arole for hydrogen sulfide in modulating airway hypere-
activity and remodeling has been suggested. Airway hypereactivity
is an important pathophysiological characteristic of asthma and it
is linked to both airway inflammation and remodeling. Although
the pathogenic mechanisms are not completely understood, an
essential role is attributed to mast cells. Here we have assessed
whether the beneficial effects of hydrogen sulfide on lung function
are related to mast cell activation.

Preliminarily, we have determined the effect of NaHS on mast
cells by using the mast cell-like RBL-2H3 cell line. Incubation of
RBL-2H3 with NaHS did not have any effect by itself up to a dose
of 1mM. Conversely, hydrogen sulfide caused a remarkable and
concentration dependent inhibition of the RBL-2H3 degranulation
when cells were sensitized and challenged with antigen. Hydro-
gen sulfide did not affect either thapsigargin or ionomycin-induced
RBL-2H3 degranulation. These results clearly suggest that hydrogen
sulfide can explicate its action only on sensitized cells.

In order to better understand this phenomenon we tested the
effect of hydrogen sulfide in vivo by using OVA-sensitized mice.
Exposure of allergen-sensitized mice to hydrogen sulfide aerosol

reversed bronchial hyperactivity as already demonstrated by oth-
ers [6]. In addition, we also show that the aerosol treatment
abrogated the increase in lung resistance. Allergen-induced AHR
was coupled to an increased presence of mast cells within the
pulmonary tissue, as determined by FACS analysis. Aerosol admin-
istration of hydrogen sulfide neither influenced the recruitment
of lung mast cells or plasma levels of IgE induced by OVA sensiti-
zation. However, in analogy with RBL-2H3 cells, hydrogen sulfide
abrogated in vivo mast cell degranulation. This effect was coupled
to inhibition of the pulmonary expression of FGF-2 as well as [L-13.
On the other hand, hydrogen sulfide did not affect allergen-induced
goblet cell metaplasia, mucus hypersecretion and pulmonary cell
infiltration, all parameters indicative of lung inflammation [20,21].
Therefore, the hydrogen sulfide beneficial effects on airway hyper-
eactivity well correlates with the reversion of mast cell activation.
Indeed, the data obtained with the experiments in vitro with
RBL cells, taken together with the in vivo functional data and
the modulation of IL-13 and FGF2 pulmonary expression were
all indicative for a central role for mast cell in hydrogen sulfide-
mediated actions. To further understand the link among hydrogen
sulfide, mast cells and bronchial hypereactivity, we tested
hydrogen sulfide effect in mast cell-deficient KitW-sh/W-sh
mice. Bronchi, harvested from OVA-sensitized mast cell-deficient
KitW-sh/W-sh mjce, did not develop bronchial hypereactivity. The
upregulation of IL-13 and FGF2 was absent, too. Conversely,
the inflammatory features i.e. allergen-induced cell infiltration,
goblet cell metaplasia and mucus hypersecretion were all still evi-
dent. Exposure of OVA-sensitized mast cell-deficient KitW—sh/W-sh
mice to hydrogen sulfide aerosol did not affect the inflammatory
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reaction. Therefore the lack of mast cells in KitW~-sPW-sh mice mim-
ics the hydrogen sulfide effects in OVA-sensitized mice. In addition
these data imply that the upregulation of OVA-induced IL-13 and
FGF-2 expression in the lung is mast cell dependent and therefore
hydrogen sulfide effect is strictly dependent from antigen-activated
mast cells. However, we still had to define how this hydrogen
sulfide effect on mast cells translates into a beneficial effect on
airway hypereactivity. Mast cells synthesize and secrete a large

number of pro-inflammatory cytokines which regulate both IgE
synthesis and the development of inflammation and several pro-
fibrogenic cytokines. Some of these mast cell products e.g., [L-13
are known to induce bronchial hypereactivity in the mouse inde-
pendent of the inflammatory response and enhanced the responses
in cultured human airway smooth muscle [12,13]. Accordingly,
aerosol of hydrogen sulfide prevented FGF2 and IL-13 upregula-
tion, that are known to activate lung fibroblasts in humans and in
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experimental animals [22,23]. In addition there is increasing evi-
dence in humans for a strong correlation between sub-epithelial
fibrosis and airway hyper-reactivity [24,25] as suggested by the
increased numbers of fibroblasts/myofibroblasts found in the air-
ways of asthmatic patients [26,27]. In order to address this issue
we harvested fibroblasts from OVA-sensitized mice. These fibrob-
lasts displayed an increased proliferation rate in vitro as well as a
significant increase in the percent of fibroblasts converted in myofi-
broblasts. When fibroblasts were harvested from mice treated
in vivo with hydrogen sulfide aerosol, the increased fibroblast pro-
liferation rate as well as their differentiation into myofibroblasts
were significantly inhibited. These data suggest that the hydrogen
sulfide beneficial effects involves also modulation of mast cell-
mediated fibroblast activation. This hypothesis is supported by the
finding that in mast cell deficient mice FGF-2 as well as IL-13 up-
regulation are not induced by OVA-sensitization. This is also in tune
with the finding that IL-13+ cells, present within the airway smooth
muscle of asthmatic patients, are predominantly mast cells [27].
IL-13 has been also shown to elicit many of the features of human
asthma as well as to regulate production of several pro-fibrogenic
cytokines including FGF-2 [23,28].

In conclusion, here we demonstrate that exposure of sensitized
mice to hydrogen sulfide inhalation reverses airway hypereactivity.
The hydrogen sulfide effect stems from the modulation operated by
hydrogen sulfide on mast cell as demonstrated by the lack of effect
of NaHS in KitW-sh/W-sh mice. The beneficial effect on bronchial
hypereactivity involves the mast cell-induced fibroblast activation
and in turn inhibition of IL-13 and FGF-2 expression. This is par-
ticular interesting on the clinical side since recently it has been
demonstrated that FGF-2 levels in induced sputum significantly
correlate with pulmonary function and have been proposed to be
a possible biomarker of asthmatic airway remodeling [28]. These
data also suggest that aerosol treatment with H,S donors could
be exploited as therapeutic complementary therapeutic approach
in lung diseases such asthma as well as other respiratory fibrotic-
related diseases such as idiopathic pulmonary fibrosis and chronic
obstructive pulmonary disease.
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