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Hydrogen sulfide (H,S), a gas characterized by the odor of rotten eggs, is produced by many
cells in the airways and lungs, and may regulate physiologic and pathophysiologic processes.
It plays a role in cellular signaling, and represents the third gasotransmitter after nitric oxide
and carbon monoxide. Endogenous and exogenous H,S have anti-inflammatory and anti-
proliferative effects, with inhibitory effects in models of lung inflammation and fibrosis. Under
certain conditions, H,S may also be proinflammatory. It is generally a vasodilator and relaxant
of airway and vascular smooth muscle cells. It acts as a reducing agent, being able to
scavenge superoxide and peroxynitrite. H,S is detectable in serum and in sputum
supernatants with raised levels observed in asthmatics. The sputum levels correlated inversely

with lung function. H,S may play a role in the pathogenesis of asthma.
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Asthma is characterized by a chronic airway
inflammatory process involving a range of
inflammatory cells including eosinophils and
mast cells, and by bronchial hyperresponsiveness
and bronchodilator responses to [-adrenergic
agonists. This inflammatory profile can vary
from patient to patient such as eosinophilic- or
neutrophil-predominant inflammation, and the
clinical significance of these inflammatory sub-
types are still being determined [12]. The pres-
ence of eosinophilic inflammation as measured
in sputum samples may be indicative of good
therapeutic response to corticosteroid therapy,
while that of a neutrophilic response reflecting
more severe asthma and possibly, corticosteroid
insensitivity [3-5]. Asthma can also be catego-
rized according to its severity, and there is
increasing interest in severe asthma patients who
are refractory to current asthma medications [6,7).
It is now becoming increasingly recognized that
patients with asthma may fall into distinct cate-
gories or phenotypes according to their clinical
presentation and inflammatory characteris-
tics [89]. With this recognition, it is becoming
important to determine whether there are bio-
markers that would be able to distinguish these
different phenotypes of asthma. While assess-
ment of sputum eosinophils has been useful in
defining cosinophilic asthma, the definition of

non-eosinophilic neutrophilic asthma remains
more problematic. This definition entirely relies
on detecting an excess of neutrophils in the spu-
tum, and what constitutes a ‘normal’ number of
neutrophils in induced sputum samples remains
unclear. Therefore, a more convenient bio-
marker for ‘neutrophilic’ asthma is required.
While serum periostin levels, a product of
Th2 cells, may represent a biomarker for eosi-
nophilic asthma [10], a more convenient parallel
marker for neutrophilic asthma does not exist.

In the search for biomarkers that would be
specific for asthma phenotypes, the value of
using levels of the gas nitric oxide (NO) in
exhaled breath has been closely scrutinized. NO
can now be measured from a breath exhalation
and is now used as a more convenient way of
detecting eosinophilic airway inflammation,
assessing corticosteroid responsiveness and mon-
itoring of airway inflammation to determine the
need for corticosteroid treatment [11].

In this report, attention will be focused on
another gas hydrogen sulfide (H,S) that may
well define a particular phenotype of asthma.
H,S is remembered by many from school
chemistry classes as the gas that smells of rot-
ten eggs when produced by the interaction of
sulfides with various acids. It is also known
as a toxic gas that can be encountered in
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Cytoplasm CSE and CBS via the metabolism of cys-
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Figure 1. Intracellular synthesis of hydrogen sulfide. H,S is synthesized mainly
by three enzymes: CBS, CSE and MST. Most of the H,S synthesis is from CSE and
CBS via the metabolism of cysteine, homocysteine and cystathionine. Cysteine is also
converted by AAT to 3-mercaptopyruvate, which then produces H,S by the action

of 3-MST.

AAT: Aspartate aminotransferase; CBS: Cystathionine B-synthase; CSE: Cystathionine
v-lyase; H,S: Hydrogen sulfide; MST: Mercaptopyruvate sulfurtransferase.

sewage plants and during manure treatment procedures, and
in natural gas fields with depressing effects on conscious level
and respiration, while lower concentrations may induce rhini-
tis, pulmonary edema and acute respiratory failure. Less well
known is the fact that this freely diffusible gas is produced
endogenously by a variety of cells and work in the past dec-
ade has established H,S as a gasotransmitter with physiologi-
cal and pathophysiological roles in various diseases [12]. This
signaling role for H,S has led to the qualification that H,S is
the third gasotransmitter, after NO and CO [13]. Because
asthma is an inflammatory disorder associated with remodel-
ing changes, and H,S does have properties that interfere with
these processes, it does make sense to examine the role of
H,S as a biomarker in asthma. In addition, there is the
developing notion that H,S could also be used for therapeu-
tic purposes [14,15].

H,S synthesis

The bulk of endogenous H,S synthesis is catalyzed from the
pyridoxal-5’-phosphate-dependent  enzymes, cystathionine-g-
lyase (CSE) and cystathionine-B-synthase (CBS), and from
3-mercaptopyruvate sulfurtransferase (3-MST) (Ficore 1. While
CBS and CSE are present in the cytosol, 3-MST is present in
both cytosol and in mitochondria. CBS is found primarily in
nervous tissue, whereas CSE is expressed in vascular and
inflammatory cells. 3-MST in vascular endothelial cells and
brain has been proposed to generate H,S via enzymatic desul-
furation of B-mercaptopyruvate derived from cysteine transami-
nation [1617]. CBS and CSE can generate H,S by using many
substrates. In human tissues, most of H,S synthesis is from

3-mercaptopyruvate ’\' H,S

Pyruvate__

H,S 18). CSE also catalyzes B-disulfide
elimination on cysteine, leading to the
generation of H,S and a disulfide Cys-S-
S-Cys. 3-MST acts in combination with
cysteine aminotransferase (CAT) to pro-
duce H,S from cysteine.
3-MST is active usually at high pH levels
but the endogenous reducing agents, thi-
oredoxin and dihydrolipoic acid have
been shown to release H,S [19]. Its role in
cells remains unclear.

However,

There is already some information
regarding the expression of H,S-produc-
ing enzymes in lung tissues. CSE and
MST proteins are widely expressed in
bovine arterial  smooth
muscle cells, while CBS is found only
in bovine pulmonary arterial endothelial cells as assessed by
immunochemical methods [20]. smooth
muscle cells and human lung primary fibroblast cells express
both CSE and CBS [2122]. In mouse lung tissues, both CSE
and CBS were found in pulmonary blood vessels, smooth

pulmonary

Human airway

muscle cells and endothelial cells as well as airway smooth
muscle cells [23]. Mouse peritoneal macrophages express CSE
but not CBS and produce H,S, an effect enhanced by
lipopolysaccharide [24].

Anti-inflammatory effects of H,S

H,S may play a role with anti-inflammatory effects in promoting
the resolution of inflammation. Thus, H,S reduces adherence of
leucocytes to the vascular endothelium and the extravasation of
leucocytes [25]. H,S donors reduce the infiltration of neutrophils
and lymphocytes partly by inhibition of endothelial and leuco-
cyte adhesion molecule expression [2526]. H,S also inhibits
COX-2 expression with a reduction in PGE, [27]. It inhibits
phosphodiesterase activity and may contribute to its ant-
inflammatory actions via elevation of cyclic AMP and/or cyclic
GMP [28]. H,S can also scavenge oxidants and peroxynitrite [29.30].
It inhibits the transcription factor NF-xB and reduces proinflam-
matory cytokine, chemokine and enzyme (such as iNOS) expres-
sion [263132]. There is also evidence for upregulation of
anti-oxidant enzymes such as superoxide dismutase, glutathione
peroxidase, dismutase and thioredoxin [33-35]. In terms of resolu-
tion of inflammation, H,S can induce neutrophil apoptosis [36],
and can shift macrophage function to a pro-resolution pheno-
type (37), with enhancement of bacterial phagocytosis and sup-
pression of endotoxin-induced production of TNF-o.
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In the ovalbumin-sensitized and challenge model, decreased
levels of H,S in pulmonary tissue in ovalbumin-treated rats were
observed. Administration of sodium hydrogen sulfide (NaHS) as
a source of exogenous H,S caused a decrease in airway inflam-
mation and airway remodeling features (38). This ant-
inflammatory effect of NaHS was reproduced in the ovalbumin
allergen challenge mouse model with inhibition of eosinophil
and neutrophilic lung inflammation [(39). H,S also reduced
tobacco smoke-induced lung inflammation in mice [4041).
Another protective role for H,S is indicated by the prevention
provided by NaHS on particulate air pollution-induced endo-
thelial disruption and lung vascular leakage, through scavenging
reactive oxygen species [42]. These observations indicate a poten-
tial anti-inflammatory effect of exogenous H,S in asthma and
chronic obstructive pulmonary disease (COPD).

H,S as proinflammatory through neurogenic
inflammation

Paradoxically, H,S has also been shown to have proinflamma-
tory effects in animal models of LPS-induced endotoxemia and
sepsis models (4344). Part of this effect may be due to the rapid
increase in tissue H>S concentrations. In this model, dI-
proparglyglycine (PPG) which irreversibly inhibits CSE attenu-
ated neutrophil infilcration with recovery in a septic shock
model, while addition of sodium sulfide aggravated it [45]. It
has been suggested that the rapid release of H,S such as pro-
vided by adding NaHS may contribute to a proinflammatory
effect of H,S, while a more slow ‘physiological’ release of H,S
may be less harmful or even be ant-inflammatory [15].

Part of the proinflammatory mechanism of H,S may
be through the stimulation of sensory neuropeptide release such
as substance P (SP) and calcitonin gene-related peptide
(CGRP) [46]. In a model of sepsis, H,S induced systemic inflam-
mation and multdple organ damage via transient receptor
(TRPV1)-mediated
NaHS caused atropine-resistant contraction of isolated airways

vanniloid-1 neurogenic  inflammation.
which was prevented by capsaicin desensitization and which was
mediated by TRPV1 receptor stimulation on sensory nerve end-
ings [47). NaHS caused lung inflammation in mice which was
mediated through TRPV1, as evidenced by blockade by capsaze-

pine that caused SP release and neurogenic inflammation [48].

H,S as a reducing agent

H,S has reducing properties by allowing reduction of disulfide
bonds and scavenging of various oxidants such as superoxide
and peroxynitrite [49). H,S does not react readily with hydrogen
peroxide [18] but it reduced peroxynitrite-mediated toxicity and
tyrosine nitration [3050). In a hypoxic pulmonary hypertension
model, H,S reduced oxidized glutathione levels and increased
total anti-oxidant capacity in lung tissues, associated with a
reduction in pulmonary artery pressures [51]. H,S decreased cig-
arette smoke-induced oxidative stress, inflammation and
remodeling and emphysema in mice [41]. In an ovalbumin chal-
lenge mouse model, NaHS inhibited eosinophil and neutro-

philic lung inflammation and prevented damage by increasing

endogenous anti-oxidant with inhibition of lipid peroxidation.
It also increased superoxide dismutase, glutathione peroxidase
and glutathione reductase activity, together with a reduction in
iNOS [39]. This indicates that H,S may be useful as an anti-
oxidant in asthma which is a condition where there is an
imbalance of oxidant—anti-oxidant influences that is at the basis
of the increased oxidative stress [52]. The transcription factor,
nuclear factor E2-related factor 2 (Nrf2), is important in acti-
vating anti-oxidant genes conferring protection against oxidative
stress. Nrf2-anti-oxidant response elements binding was found
to be reduced in airway smooth muscle cells from patients with
severe asthma [53]. One of the anti-oxidant mechanisms for
H,S may lie in its ability to stabilize Nrf2 protein and induce
Nrf2-target genes via an anti-oxidant/electrophile response ele-
ment that inhibits the S-sulfhydration of C226/C613 residues
of its inhibitor, Kelch-like ECH-associated protein-1 (Keap-
1) (s455). This is one example of modification of enzyme activ-
ity through sulfhydration, through which many actions of H,S
may be mediated. Thus, H,S has been shown to induce sulfhy-
dration of enzymes including glyceraldehyde-3-phosphate dehy-
drogenase, B-tubulin and actin, leading to an increase in their
biologic activities [56].

Effects on cell proliferation & fibrosis

Endogenous H,S through activation of CSE inhibits prolifera-
tion and growth of smooth muscle cells [57). Exogenous H,S
also inhibited proliferation while at the same time inducing
apoptosis of vascular smooth muscle cells [s758]. Of more rele-
vance to the airways, both endogenous H,S, and exogenous
H,S delivered from a fast donor, NaHS, and a slow donor,
GY44137, inhibited human airway smooth muscle cell prolifer-
ation and IL-8 release induced by fetal calf serum [22]. In these
cells, the enzyme, CBS, and not CSE was mainly involved in
the endogenous production of H,S. The mechanism underlying
the inhibitory effects of H,S could be through the inhibition
of phosphorylation of the MAPKs, ERK-1/2 and p38.

H,S also has effects on fibrotic processes. It attenuated epi-
thelial-mesenchymal transition of human alveolar epithelial
cells induced by TGF-B;, through inhibition of Smad 2/3 phos-
phorylation. H,S also suppressed human lung fibroblast prolif-
eration induced by fetal bovine serum and PFGF-BB, and
TGEF-B,-induced myofibroblast transdifferentiation [s9).

Effects on airway & vascular contractile responses

H,S, liberated from NaHS as a donor, inhibited mouse bron-
chial airway smooth muscle preparations pre-contracted with
carbachol very strongly, but with only a small effect on guinea-
pig bronchial rings. This effect was not through the activation
of ATP-sensitive K" channels, of soluble guanyl cyclase, of
cyclooxygenase-1 or -2, or of tachykinin receptors [60). H,S
relaxes airway smooth muscle cells through an effect on ATP-
sensitive K" channels, followed by a decrease in intracellular
calcium. On the other hand, H,S has vasoconstrictor effects on
vascular smooth muscle in both the systemic and pulmonary
circulations [61,62).
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detected in UM levels may be spuriously
high. Use of a polarographic sensor to
measure H,S gas found relatively low levels
in blood of the order of <100 UM of total
sulfide 721. Levels of free H,S of >1 uM
would be detectable by the human nose as
the estimated odor threshold for NaHS
dissolved in phosphate buffer solution was
1 uM [73]. In addition, serum does not
smell of H,S and the levels detected by the
sulfide-ion selective method is likely to
represent the total sulfides derived by
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Figure 2. H,S levels in asthma. Upper panel shows inverse relationship between
sputum levels of H,S and FEV, (% of predicted values) and lower panel shows a positive
relationship between sputum levels of H,S and neutrophils in sputum as percent of total
cells in patients with severe asthma (open circles), non-severe asthma (solid circles) and
non-asthmatic subjects (solid squares). The line of identity is shown with 95%

confidence intervals.

FEV,: Forced expiratory volume in one second; H,S: Hydrogen sulfide.

Reproduced by permission from [71].

H,S in hypoxic pulmonary vasoconstriction

H,S has been implicated in hypoxic pulmonary vasoconstriction
which may occur during acute episodes of asthma associated
with hypoxemia. Hypoxia suppresses normal mitochondrial H,S
metabolism in an oxygen-dependent manner [63], while also pro-
moting H,S accumulation via cystathionine g-lyase [64]. H,S
may minimize hypoxic vasoconstriction via inhibition by H,S of
mitochondrial oxidative phosphorylation [65], but this effect can-
not be considered as a physiological role for H,S [66]. In vascular
smooth muscle cells, CSE is localized mainly in cytosol, not
mitochondria. On the other hand, under conditions of a sus-
tained increase in intracellular Ca2+ secondary to calcium iono-
phore A23187, thapsigargin or tunicamycin, CSE translocates
from cytosol to mitochondria where CSE metabolizes cysteine
to produce H,S which leads to an increased ATP production in
mitochondria, under hypoxic conditions [¢7]. Thus, H,S produc-
tion in the mitochondria provides a mechanism of resistance to
the effects of hypoxia by increasing ATP synthesis.

Measurement of H,S in asthma

To determine whether H,S can be a potential biomarker of phys-
iological or pathophysiological function, its measurement in
body fluids is pivotal. H,S has been measured in the circulation
and was initially estimated to be approximately 10-100 pmol/l
in normal volunteers [68.69]. Serum H,S measured using a sulfide-
ion selective electrode with a sensitivity of 1 UM was found to be
152 uM, a level higher than that reported in previous stud-
ies [7071). One of the reasons for this discrepancy might be the
addition of sulfide anti-oxidant buffer which prevents the oxida-
tion of sulfur compounds and avoids volatilization of H,S. How-
ever, there has been criticism that the levels of H,S in serum as

10 20 30 40 50 60 70
Sputum H,S (pM)

T T T T
hydroxyl replacement on cysteine in the

blood protein pool [72]. However, the
detection of sulfides in its various forms is
needed to determine the bioavailable con-
centrations of the various species of sul-
fides, particularly of H,S, as has been
recently determined [74]. Blood levels of
H,S measured by the selective ion elec-
trode method therefore represent at best
the levels of hydroxyl replacement on cys-
teine in the blood protein pool.

There are a few studies that have measured H,S levels in
asthma (Box 1). Levels of serum H,S measured by the selective
ion electrode method were found to be slightdy reduced in
patients with stable asthma; in those with an acute exacerbation
of asthma, there was a further reduction in the levels of
H,S (75]. In children with asthma, serum H,S was reduced
compared with non-asthmatic children and was correlated with
lung function indices [76]. These studies suggested that the lev-
els of endogenous H,S were reduced in asthma. However, in a
recent study, serum H,S levels were found to be elevated in
patients with asthma, with no differentiation between mild and
severe patients [77). In addition, levels in induced sputum were
also measured concomitantly and were found to be elevated
with H,S levels from severe and non-severe asthmatic patients
(28 and 27 uM, respectively) being significantly higher than
those in healthy subjects (11 uM). Serum H,S levels were
10-times higher than in sputum and they were also higher in
severe and non-severe asthmatic subjects compared with healthy
subjects. These levels did not reflect salivary contamination
where levels were lower and not different between the groups.
There was no significant difference in sputum and serum H,S
levels between asthmatic subjects with and without inhaled
corticosteroid treatment. Sputum H,S levels were negatively
correlated with FEV; %predicted and with reversibility to
salbutamol (Ficure 2). There was a positive correlation between
sputum H,S levels and% neutrophils in sputum, and an
inverse correlation between sputum H,S levels and% macro-
phages. These measurements need therefore to be interpreted
with caution and to be confirmed with the analytical method
used by Whitfield et al. [72].

Muldiple linear regression analysis revealed that sputum H,S
levels were associated with increased sputum (%) neutrophil,

Expert Rev. Respir. Med. 8(1), (2014)
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increased BMI and decreased%predicted FEV;. It is therefore
interesting that sputum H,S levels could reflect a neutrophilic,
obstructive type of asthma and reduced b,-agonist bronchodila-
tor responsiveness.

Sputum H,S appears to be a better biomarker of asthma
than serum H,S. Since serum H,S levels may be influenced by
non-respiratory diseases such as heart, liver, renal and pancre-
atic disease [22], serum levels may not be specific to asthma.
Increased levels of serum H,S in asthma may represent the sys-
temic component of the disease. Whether serum H,S levels
could represent a systemic component or is representative of
‘spillover’ from the lungs is not known. Sputum H,S levels
may also be influenced by many factors. The effect of asthma
medications particularly B-adrenergic agonists and corticoste-
roids might have on sputum H,S is not known, although corti-
costeroids can inhibit H,S production in vitro partly through
the inhibition of CSE [2478]. Bacteria in the upper and lower
airways may contribute to H,S production, particularly that
the lower airways contain bacteria and this bacteriome is altered
in asthma [7980]. In addition, antibiotic therapy may have an
effect on sputum H,S levels. H,S produced by bacteria may
sustain bacterial growth and suppress their sensitivity to antibi-
otics [81]. Thus, sputum H,S could partly reflect the presence
of bacterial infections in the airways and lungs.

H,S levels in COPD

COPD is another condition of the airways and lungs character-
ized by progressive airflow limitation associated with an abnor-
mal inflammatory response of the airways and lungs with
neutrophils and macrophages and with destruction of alveoli
and airway fibrosis [82]. COPD is usually considered as a sepa-
rate disease from asthma, with a different airway inflammatory
profile in the lungs and also accompanied by emphysema
which is not usually present in asthma. Previous studies have
reported levels of H,S in serum in COPD and in chest infec-
tions [7071). Serum H,S levels in stable COPD patients were
found to be higher than those in healthy non-smokers but
these levels were lower with acute exacerbations of COPD {70).
The effect of theophylline on serum H,S levels in COPD
patients has also been reported. Although theophylline reduced
sputum neutrophils, it had no effect on serum H,S and NO,
levels, and serum and sputum CXCLS levels. There was a posi-
tive correlation between the FEV; %predicted and the level of
serum H,S (83]. These preliminary studies suggest that H,S lev-
els and H,S metabolism may be altered in COPD.

Measurement of H,S in exhaled breath

Levels of H,S in exhaled air may provide a more sensitive bio-
marker of airways disease such as asthma, but more sensitive
techniques such as gas chromatography using a two-stage ther-
mal desorption capillary gas chromatography with flame ioniza-
tion and flame photometric detection, or mass spectrometry
have been used [84-86]. Using mass spectrometry, exhaled H,S
was found to be 47.8 ppb in healthy subjects, and increased to
55.2 ppb in patients with chronic pancreatitis [84). In another

Box 1. Measurement of hydrogen sulfide in asthma

and chronic obstructive pulmonary disease.

e Serum H,S measured by selective ion electrode slightly
reduced in stable asthma, with further reductions in those
in acute exacerbation [74].

e Serum H,S reduced in asthmatic children and levels corre-
lated with lung function [7s].

e Serum levels elevated in patients with asthma, without any
differentiation by severity of asthma [7¢]. Levels of H,S in
sputum were also elevated [76).

e Serum levels in stable COPD were increased compared to
healthy non-smokers, but during an acute exacerbation, lev-
els were lower [69].

e evels of serum H,S correlated positively with lung function
(FEV1% predicted) [83].

COPD: Chronic obstructive pulmonary disease; H,S: Hydrogen sulfide.

study using gas chromatography, the levels of H,S in exhaled
breath in lung transplant recipients was not influenced by the
presence of obliterative bronchiolitis, a sign of chronic allograft
rejection [8s5]. Finally, Toombs et al. found a level of 6.4 ppb
in exhaled air of normal volunteers which increased transiently
to 26.9 ppb following a rapid infusion of sodium sulfite prepa-
ration of 0.15-0.2 mg/kg (s6]. H,S was measured on-line by
two sulfide detectors that contained two different sensing ele-
ments that had a broad analytical range of 10 ppb to 5 ppm.
In another study, the levels of sulfides in exhaled breath
between normal volunteers and those with cystic fibrosis were
measured using ultra-trace gas chromatography. They found
that only the control net uptake of carbonyl sulfide but not of
dimethyl sulfide or carbon disulfide was less negative in
patients with cystic fibrosis (-110 parts per trillion by volume)
compared with normal volunteers (-250 parts per trillion) [87].

Thus, measuring H,S in exhaled breath is feasible and
because exhaled NO has proven to be a useful biomarker of
asthma for clinical practice, H,S in exhaled breath may indicate
a specific phenotype of asthma. However, there are potentially
many sources of H,S that could account for the levels in
exhaled breath and these include periodontal disease (88-90], the
gut bacterial flora [91.92] and tissues in the conducting airways
and of the gut that contains CSE and CBS enzymes [12]. How
much bacteria as opposed to human sources produce H,S is
not known. Conditions such as COPD associated with sys-
temic or localized tissue inflammation can be lead to the activa-
tion of H,S-producing enzymes.

Cross-talk between H,S & NO

Since both NO and H,S are elevated in the airways of asthma,
one could speculate on the potential interactions between NO
and H,S. In fact, a negative correlation was found between
sputum H,S and exhaled NO levels in asthmatic subjects [77).
There is evidence of interaction between H,S and NO leading
to the formation of nitrosothiol, which may then regulate the
effects of both gasotransmitters [49). S-nitrosothiols signaling
may be involved in the regulation of ventilation-perfusion
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matching and in baseline airway tone [93), and GSNO has been
shown to have bronchodilator properties [(94. There are also
increased levels of nitrosothiols in exhaled breath condensates
in inflammatory airway diseases such as asthma [95]. On the
other hand, H,S can directly inhibit nitric oxide synthase activ-
ity and NO production [2496). Conversely, NO donors upregu-

late H,S production in rat vascular tissues [97).

Conclusion

The importance of H,S as a third gasotransmitter is gathering
pace and its intracellular properties being elucidated. However,
how it acts and how it is regulated and what its physiologic
function in the lungs is remain unclear. When given exoge-
nously, H,S can have anti-inflammatory and anti-fibrotic
effects. However, it can have opposite effects under certain con-
ditions. It appears to be elevated in asthma, and could be a
biomarker of neutrophilic-type asthma. Certainly, further work
is needed to confirm this, and measurement in exhaled breath
may represent a more accurate way of measuring it. Levels in
exhaled breath may represent contribution from bacterial colo-
nization, the effect of environmental exposures and the lung
inflammatory process. H,S may have therapeutic uses but this
must be approached cautiously since it has ‘the good and the
bad, the ugly and the promising’ actions [15).

Expert commentary

H,S has been proposed to act as a gasotransmitter at the cellu-
lar level. Current evidence suggests that H,S can inhibit cellular
activation and inflammation, cell proliferation and reduce

fibrotic processes and is a relaxant of airway and vascular
smooth muscle. H,S has been implicated as a sensor of hypo-
xia. It acts as a reducing agent and induces sulfhydration of
various proteins leading to functional changes. It activates neu-
rogenic inflammation. Further research is needed to define its

physiology in the lungs and its therapeutic possibility.

Five-year view

There will be an increased interest in the cellular provenance of
H,S and how it is regulated in lung cells. With better assays
that will become available for H,S in small quantities, the role
of endogenously produced H,S will become clearer both in
normal and disease states. Assays for directly measuring H,S in
exhaled breath will provide an indication as a biomarker of dis-
ease particularly in asthma or COPD. Since one source of H,S
is bacterial, it may be an indicator of such infections in the air-
ways or lungs. New methods of delivering H,S or increasing
the production of H,S at sites of lung injury or inflammation
could lead to a new form of treatment.
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Key issues

¢ Hydrogen sulfide (H,S) is produced through the actions of enzymes, cystathionine-B-synthase, cystathionine-g-lyase and 3-mercaptopyru-
vate sulfurtransferase , via the metabolism of cysteine, homocysteine and cystathionine. The contribution of each of these enzymes is

dependent on the cell type and the cell milieu.

e H>S can suppress inflammation through an action on inflammatory cells, although it enhances neurogenic inflammation.
e H,S can relax airway and vascular smooth muscle cells, mechanisms that could involve ATP-sensitive K* channels. It has been implicated

in hypoxic pulmonary vasoconstriction and as an oxygen sensor.

e Exogenous H,S inhibited allergen-induced eosinophilic inflammation and remodeling in mouse asthma models. H,S also inhibited human

airway smooth muscle proliferation and cytokine release.

e H,S has been detected in plasma and sputum samples, and in asthma, levels in induced sputum were correlated with obstructive neu-
trophilic asthma. However, these levels may be spuriously high, reflecting total sulfide.
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