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BACKGROUND AND PURPOSE

Hydrogen sulphide (H,S), considered as a novel gas transmitter, is produced endogenously in mammalian tissue from

L-cysteine by two enzymes, cystathionine B-synthase and cystathionine y-lyase. Recently, it has been reported that H,S
contributes to the local and systemic inflammation in several experimental animal models. We conducted this study to
investigate on the signalling involved in H,S-induced inflammation.

EXPERIMENTAL APPROACH

L-cysteine or sodium hydrogen sulphide (NaHS) was injected into the mouse hind paw and oedema formation was evaluated
for 60 min. In order to investigate H,S-induced oedema formation, we used 5-HT and histamine receptor antagonists, and
inhibitors of Karp channels or arachidonic acid cascade. Prostaglandin levels were determined in hind paw exudates by
radioimmunoassay. Paws injected with L-cysteine or NaHS were examined by histological methods.

KEY RESULTS

Both NaHS and L-cysteine caused oedema characterized by a fast onset which peaked at 30 min. This oedematogenic action
was not associated with histamine or 5-HT release or Karp channel activation. However, oedema formation was significantly
inhibited by the inhibition of cyclooxygenases and selective inhibition of phospholipase A,. Prostaglandin levels were
significantly increased in exudates of hind paw injected with NaHS or L-cysteine. The histological examination clearly showed
an inflammatory state with a loss of tissue organization following NaHS or L-cysteine injection.

CONCLUSIONS AND IMPLICATIONS

Phospholipase A; and prostaglandin production are involved in pro-inflammatory effects of H,S in mouse hind paws. The
present study contributes to the understanding of the role of L-cysteine/H,S pathway in inflammatory disease.

Abbreviations

CBS, cystathionine B-synthase; COX, cyclooxygenase; CSE, cystathionine y-lyase; OBAA,
4-(4-octadecylphenyl)-4-oxobutenoic acid; PG, prostaglandin; PLA,, phospholipase A,

Introduction

Hydrogen sulphide (H.S) is known to be a highly
toxic pollutant, but it has recently been recognized
as the third gaseous physiological transmitter. H,S is
synthesized endogenously from L-cysteine or
L-methionine by two pyridoxal -5'-phosphate
dependent enzymes, cystathionine B-synthase (CBS)
and cystathionine fy-lyase (CSE). Several studies

support a pro-inflammatory role for H,S in different
experimental animal models (Hui etal., 2003;
Bhatia et al. 2005a,b; Li et al., 2005; Mok and Moore,
2008; Tamizhselvi et al., 2008). In endotoxemic
animals, the expression of both CBS and CSE was
up-regulated with an augmented H,S biosynthesis in
different organs, such as liver, kidney, lung and
blood (Li et al., 2005; 2006). Plasma levels of H,S
were similarly increased in human septic shock
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(Li et al., 2005). Elevated levels of H,S in plasma in
haemorrhagic shock was also associated with an
increase in inflammatory parameters, along with
neutrophil infiltration in liver and lung (Mok et al.,
2004; Mok and Moore, 2008). The same authors
have shown that the treatment with CSE inhibitors
led to a reduction in cell migration as well as a rapid
restoration in blood pressure and heart rate in rats
(Mok et al., 2004; Mok and Moore, 2008). In a model
of caereulin-induced pancreatitis and associated
lung injury, blockade of CSE significantly reduced
plasma level of amylase, neutrophil sequestration,
pancreatic acinal cell and lung injury (Bhatia et al.,
2005b). H,S also contributed to neurogenic inflam-
mation, stimulating the sensory nerve to release
substance P (Bhatia, 2010). In addition, rat hind paw
H,S concentrations were elevated in formalin-
induced nociceptive flinching and this effect was
reversed by the inhibition of CSE (Lee et al., 2008).
Moreover, the intraplantar injection of carrageenan
in rats increased H,S levels, as well as myeloperoxi-
dase activity, in the hind paw (Bhatia et al., 2005a).

All together, these findings suggest an important
pro-inflammatory role of H,S but the signalling
pathway(s) involved has not been extensively inves-
tigated. Therefore, in this study we have addressed
this specific issue by using sodium hydrogen sul-
phide (NaHS) as an exogenous source of H,S to gen-
erate inflammation, as well as L-cysteine, the major
endogenous substrate for CSE.

Methods

Animals

All animal care and experimental procedures in this
study followed the Principles of Laboratory Animal
Care (NIH publication no. 86-23, revised 1985), as
well as the specific guidelines of the Italian (N. 116/
1992) and European Council law (N. 86/609/CEE).
Male mice (CD-1, Harlan, Udine, Italy, 38-40 g)
were used for in vivo and ex vivo experiments.
Animals were kept at temperatures of 23 = 2°C,
humidity range 40-70% and 12 h light/dark cycles.
Food and water were provided ad libitum.

Measurement of mouse paw oedema

Mice received an intraplantar injection of NaHS
(100-300 and 500 pg per paw) as exogenous source
of H,S or vehicle [30 uL of potassium phosphate
buffer (PPS), pH 7.4]. The same protocol was used for
L-cysteine, as endogenous source of H,S, and the
dose chosen on the basis of a preliminary study, was
500 ug per paw. Next, to be certain of a specific
effect mediated by L-cysteine and in turn by H.S, via
CBS and CSE, we injected D-cysteine (500 pg per
paw) as negative control.
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Pharmacological modulation was achieved
with different inhibitors. In order to evaluate an
involvement of histamine/5-HT in H,S-induced
oedema, cyproheptadine (CPR; 5 mgkg!, i.p.),
as a histamine/5-HT receptor antagonist was used.
To assess the contribution of prostaglandins (PG),
pharmacological inhibitors of the arachidonic
acid cascade were tested such as indomethacin
(INDO; a non-selective cyclooxygenase inhibitor,
10 mg-kg™!, per os), dexamethasone (DEX; a PLA,
inhibitor, 1 mg-kg™, per os), 4-(4-octadecylphenyl)-
4-oxobutenoic acid (OBAA; a selective PLA; inhibi-
tor, 0.1, 0.3 or 1 mgkg™”, per os) or YM 26734
(secretory PLA; inhibitor, 0.3, 1 or 3 mg-kg™, per 0s).
Glibenclamide (GLB; a blocker of Kirp channels,
10 mg-kg™, i.p.) was used in order to assess the effects
of H,S mediated by Karp channel activation. The
inhibitors were given orally as solutions in
carboxymethyl-cellulose (0.5% w/v) and Tween 20
(10% v/v) aqueous solutions, at a final volume of
100 pL. All the inhibitors given per os were adminis-
tered 90 min before the NaHS or L-cysteine injection
(500 pg per paw) (Church and Miller, 1978; Marshall
et al., 1989). CPR or GLB were administered 30 min
before NaHS or L-cysteine (500 ug per paw) (Cirino
etal., 1996; Zanardo et al., 2006). Paw oedema was
measured by means of a plethysmometer (Ugo Basile,
Comerio, Italy) at several time points (15, 30, 45 and
60 min) after the intraplantar injection of NaHS or
L-cysteine. The results were expressed as increase in
paw volume (uL).

Western blotting analysis

The animals were killed by cervical dislocation, and
the left paws were removed and frozen at —-80°C until
assayed, as follows. The tissues were frozen in liquid
nitrogen and then homogenized in modified RIPA
buffer (Tris-HCl 50 mM, pH 7.4, Triton 1%, sodium
deoxycholate 0.25%, NaCl 150 mM, EDTA 1 mM,
phenylmethylsulphonyl fluoride 1 mM, aprotinin
10 ug mL™, leupeptin 20 uM, NaF 1 mM, sodium
orthovanadate 1 mM). After centrifugation of homo-
genates at 8000x g for 15 min, protein concentration
was determined by Bradford assay using BSA as stan-
dard (Bio-Rad Laboratories, Milan, Italy). Denatured
proteins (40 ug) were separated on 10% sodium
dodecyl sulfate polyacrylamide gels and transferred
to a polyvinylidene fluoride membrane. Membranes
were blocked by incubation in phosphate-buffered
saline (PBS) containing 0.1% v/v Tween 20 and 5%
non-fat dried milk for 1 h at room temperature and
then incubated with rabbit polyclonal antibody for
CBS (1:1000; Santa Cruz Biotechnology, Inc., Heidel-
berg, Germany) and with mouse monoclonal anti-
body for CSE (1:1000; Santa Cruz Biotechnology,
Inc.) overnight at 4°C. The membranes were washed



extensively in PBS containing 0.1% v/v Tween-20
and then incubated for 2 h at 4°C with anti-rabbit or
anti-mouse IgG-horseradish peroxidase conjugate
(1:5000). The filters were then washed and the immu-
noreactive bands, visualized using the enhanced
chemiluminescence substrate (Amersham Pharma-
cia Biotech, San Diego, CA, USA), were densitometri-
cally analysed with a model GS-800 imaging
densitometer (Biorad, Milan, Italy).

Assay of PGE; levels in exudates of

hind paws

Mice were killed with carbon dioxide at 30 min after
NaHS (500 ug per paw) or vehicle (30 uL, PPS)
administration. In order to obtain the exudates
(supernatants) to measure PG levels, the paws were
cut and were suspended from a hook in a tube and
immediately centrifuged at 3000x g for 30 min. Exu-
dates were collected with 100 uL of saline and used
for PGE, quantification (Posadas et al., 2004.). To
determine PGE; levels, proteins were removed from
the exudates with ZnSO, (30% for 15 min; Thomsen
et al., 1990). PGE; levels were determined in depro-
teinized exudates by radioimmunoassay according
to manufacturers’ instructions.

Histological analysis

The animals were killed by cervical dislocation
30 min after the NaHS (500 pg per paw), L-cysteine
(500 ng per paw) or vehicle intra-plantar injection.
Mice paws were fixed in neutral buffered formalin
before being embedded in paraffin. Sections (4 um)
were stained with haematoxylin-eosin and analysed
under light microscopy, by an observer unaware of
the treatment protocol.

Statistical analysis

The results were calculated as mean = s.e., n = 12
mice for each treatment. Statistical analysis was
performed using Student’s f-test or two way ANOVA
followed by Bonferroni’s test, as needed. P-values
less than 0.05 were considered as significant.

Materials

Potassium phosphate buffer 0.1 M (pH 7.4) was pre-
pared mixing appropriate volumes of K,HPO4
(0.1 M) and KH,PO, (0.1 M). The reagents used
were (sources in parentheses): mouse anti-CBS
polyclonal antibody (Santa Cruz Biotechnology,
DBA, Milan, Italy), mouse anti-CSE monoclonal
antibody (Santa Cruz Biotechnology, DBA), sodium
hydrogen sulphide (Sigma, Milan, Italy), CPR
(Sigma), 4-(4-octadecylphenyl)-4-oxobutenoic acid
(Tocris, Bristol, UK), DEX (Sigma), INDO (Sigma),
GLB (Sigma), YM 26734 (Tocris), [*H]-PGE. (Perki-
nElmer Life Sciences, Milan, Italy), PGE, antibody

H.S induced oedema formation in mice

(Sigma-Aldrich, Milan, Italy). The drug/molecular
target nomenclature follows Alexander et al. (2009).

Results

CSE and CBS are expressed in mouse

hind paw

Firstly we investigated the presence of both CBS and
CSE in mouse hind paw, the enzymes responsible for
the biosynthesis of H,S, in order to assess the con-
tribution of the L-cysteine/H,S pathway in this
tissue. Western blot analysis clearly showed the
presence of both CBS and CSE under normal, non-
inflamed conditions (Figure 1A).

Intra-plantar injection of NaHS or L-cysteine
induced oedema formation

Intra-plantar injection of NaHS (100, 300 and 500 ug
per paw) induced mouse paw oedema in a dose-
dependent manner (Figure 1B, P < 0.0001). The peak
of oedematogenic response, at the higher doses used,
was evident as early as 15 min after injection, reach-
ing a maximum at 30 min and declining by 60 min
thereafter (Figure 1B). In order to evaluate the role of
the biosynthesis of H,S, we injected intra-plantarly
L-cysteine (500 pg per paw) the substrate of CSE/CBS,
or D-cysteine (500 pg per paw) as a negative control.
L-cysteine, but not D-cysteine, induced oedema
(Figure 1C, P < 0.0001), suggesting that the paw
tissue efficiently converted L-cysteine into H,S.

Inhibition of 5-HT and histamine receptors
and of Kuarp channels

Pretreatment with CPR (5 mg-kg™) did not affect the
oedematogenic response to NaHS or L-cysteine,
excluding the contribution of preformed histamine
and 5-HT release to the oedema (Figure 2A,B). Simi-
larly, GLB (10 mg-kg™") did not modify the NaHS or
L-cysteine-induced oedema (Figure 2A,B), suggesting
that Karr channel activation was not involved as well.

Modulation of the arachidonic acid cascade
In order to evaluate the involvement of PG, which
are the major arachidonic acid metabolites contrib-
uting to the formation of oedema, we inhibited
different steps in the arachidonic acid cascade by
blocking either COX or PLA; enzymes.

INDO (10 mg-kg™), a non-selective COX inhibi-
tor, as well as DEX (1 mgkg') significantly
(Figure 3A, P < 0.0001), reduced NaHS-induced
oedema. Pretreatment with OBAA (0.1, 0.3 and
1 mg-kg™'), a non-selective PLA, inhibitor, reduced
in a dose-dependent manner the oedematogenic
response to NaHS (Figure 3B, P < 0.0001). Specific
inhibition of the secretory PLA, isoform (sPLA;)
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Figure 1

(A) Representative Western blot for cystathionine B-synthase (CBS)
and CSE, cystathionine y-lyase (CSE) in mouse hind paw. (B) Intra-
plantar injection of sodium hydrogen sulphide (NaHS) (100, 300 and
500 pg per paw) in mouse hind paw caused a dose-dependent
oedema, compared with vehicle (P < 0.0001). (C) Intra-plantar injec-
tion of L-cysteine (L-Cys; 500 ug per paw) in mouse hind paw but
not D-cysteine (D-Cys; 500 ug per paw) caused significant oedema
(P < 0.0001). The statistical analysis was performed by analysis of
variance, and each time point was analysed by Bonferroni’s post hoc
test (**P < 0.01, ***P < 0.001).

by YM 26734 (0.3, 1 and 3 mg-kg™) resulted in a
dose-dependent reduction of NaHS-induced oedema
(P < 0.0001, Figure 3C). Similarly, L-cysteine-
induced oedema was inhibited by DEX pretreatment
(Figure 3D, P < 0.0001) as well as by OBAA or YM
26734 (data not shown).
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Figure 2

Cyproheptadine (CPR, 5mg-kg”") or glibenclamide (GLB,
10 mg-kg™) did not affect NaHS (A) or L-cysteine (B)-induced
oedema at dose of 500 pg per paw. Data were analysed by two way
analysis of variance, and each time point was analyzed by Bonferro-
ni’s post hoc test.

Intraplantar injection of NaHS increased
PGE; levels in paw exudates

To turther assess the involvement of PG in NaHS-
induced paw oedema, we measured PGE; levels in
vehicle- and NaHS-treated mice. Intraplantar injec-
tion of NaHS (500 ug per paw) induced a signifi-
cant increase in PGE, exudate levels (P < 0.05,
Figure 4).

Histological study

Paws injected with L-cysteine, but not those injected
with vehicle, clearly showed the loss of tissue orga-
nization characteristic of oedema and inflammation
(Figure SA,B). NaHS injection induced a similar
pattern of inflammation (Figure 5C,D).
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(A) Indomethacin (INDO, 10 mg-kg™") or dexamethasone (DEX, 1 mg-kg™) inhibited significantly sodium hydrogen sulphide (NaHS)-induced
oedema at dose of 500 pug per paw (P < 0.0001). (B) 4-(4-octadecylphenyl)-4-oxobutenoic acid (OBAA; 0.1, 0.3 and 1 mg-kg™"), PLA; inhibitor, or
(C) YM 26734 (YM; 0.3, 1 and 3 mg-kg™), sPLA; inhibitor, reduced significantly in a dose-dependent manner, the NaHS-induced oedema (500 ug
per paw; P < 0.0001). (D) DEX (1 mg-kg™") inhibited significantly the L-cysteine-induced oedema (500 pg per paw; P < 0.0001). The statistical
analysis was performed by analysis of variance, and each time point was analysed by Bonferroni’s post hoc test (*P < 0.05; **P < 0.01; ***P < 0.001).

Discussion

The pro-inflammatory role of H,S has been well
documented in different animal models (Hui et al.,
2003; Bhatia et al., 2005b; Li et al., 2005; Mok and
Moore, 2008; Tamizhselvi et al., 2008). Bhatia and
co-authors reported a marked increase in H,S pro-
duction in rat hind paw injected with carrageenan
that was significantly reduced by the treatment with
propargyl glycine (Bhatia et al., 2005a). However,
the intracellular signalling underlying the H,S pro-
inflammatory action is still not clear. Here we have
assessed the intracellular signalling involved in the
H,S pro-inflammatory effect in mice following a
local administration of either an exogenous source
of H,S (NaHS) or the substrate (L-cysteine).

The Western blot analysis showed that CBS and
CSE, the enzymes involved in H,S biosynthesis, were
both expressed in mouse hind paw under normal,
physiological conditions, implying a role for the
L-cysteine/H,S pathway in this tissue. Intra-plantar
injection of either NaHS or L-cysteine induced
oedema with a rapid onset, implying the involve-
ment of the L-cysteine/H,S pathway in the early
phases of the inflammatory reaction (0-60 min).

Intra-plantar injection of L-cysteine, but not
D-cysteine, caused oedema, demonstrating that this
pro-inflammatory effect was associated with an effi-
cient conversion of L-cysteine to H,S, catalyzed by
CBS and/or CSE. Interestingly, both L-cysteine- and
NaHS-induced oedema showed a similar profile with
a rapid onset which peaked at 30 min. Histological
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Prostaglandin (PGE,) levels increased in exudates of hind paws col-
lected 30 min after NaHS injection (500 pg per paw), compared with
vehicle (*P < 0.05). Results were analysed by Student t-test for
unpaired data.

analysis of the paw tissue injected with NaHS or
L-cysteine showed a loss of tissue organization and
inflammation, characteristic of oedema. In order to
gain insights into the intracellular signalling of the
pro-inflammatory actions of H,S, we used pharma-
cological tools. The rapid onset of H,S-induced paw
oedema (maximum peak 30 min) suggested an
involvement of preformed mediators such as hista-
mine and 5-HT. Pretreatment of the mice with CPR,
a 5-HT and histamine receptor antagonist, did not
affect either NaHS or L-cysteine-induced oedema.
This result excludes the involvement of preformed
histamine and 5-HT in the pro-inflammatory effects
of st

It is well established that the action of H,S
involves activation of Karp channels (Zhao and Wang,
2002). Thus, to assess if this vasodilating property
was involved in the pro-inflammatory actions of HsS,
we treated mice with GLB, a Karp channel inhibitor.
GLB did not affect oedematogenic responses to H,S,
suggesting a direct and specific role of H,S in inflam-
mation over and above its vasoactive property. Next,
we have evaluated the involvement of the arachi-
donic acid cascade in the pro-inflammatory actions
of H,S. INDO and DEX, inhibitors of the COXs and
PLA; activity, respectively, significantly inhibited H,S
induced-oedema. Interestingly, injection of PLA; in
the mouse hind paw resulted in a significant dose-
dependent rise in paw oedema, with a rapid onset,
within 15-30 min, and a progressive reduction by
1 h after injection (Marshall et al., 1989). The finding
that the generation of PLA,-induced oedema had a
similar profile to that of H,S-induced oedema sug-
gested that PLA; activation could be a crucial eventin
the pro-inflammatory actions of H,S. OBAA, a non-
selective PLA; inhibitor, reduced in a dose-dependent
manner H,S-induced oedema in mice, confirming a

1840 British Journal of Pharmacology (2010) 161 1835-1842

role for PLA; in this phenomenon. As it is well known
that among the PLA, isoforms, the sPLA, plays a
major role in the inflammatory process (Landucci
et al., 2000; Thimmegowda et al., 2007), mice were
treated with YM26734, a selective inhibitor of sPLA,,
In our model, YM26734 reduced H,S-induced
oedema, dose dependently. These results clearly
imply that sPLA; activation is essential for the pro-
inflammatory effects of H»S in the mouse hind paw.
This hypothesis was further supported by the
increased PGE, levels measured in exudates from
H,S-injected paws. This latter result fits well with
experimental evidence showing that PGE; injection
into mouse paw produced a dose- and time-
dependent oedema (Claudino et al., 2006), with a
similar profile of onset and duration to that observed
with st

The activation of sPLA, proceeds through the
orientation of a water molecule by hydrogen
bonding to the active site histidine. Adjacent to this
histidine, there is a conserved aspartate residue,
which, together with a Ca*-binding loop, acts as a
ligand cage for Ca®** (Murakami and Kudo, 2002).
Thus, Ca* and water are two key elements impli-
cated in PLA, activation. Interestingly, H,S could
provide both these elements necessary to PLA; acti-
vation. HS has a three-dimensional structure close
to that of H,O, but weaker intermolecular forces,
and H,S also induced entry of extracellular Ca*
(Zhao and Wang, 2002). Thus, it is feasible that H,S
could activate PLA,, either through Ca*entry and/or
substituting for a molecule of H,O. Additionally,
oxidative modification of phospholipids can alter
the physiological state of the membrane, which in
turn affects the susceptibility of oxygenated and
non-oxygenated fatty acid residues towards sPLA;
attack in a multifaceted way (Murakami and Kudo,
2002). Therefore, an alternative or additional expla-
nation for PLA; activation by H,S could be that H.S,
being a reducing agent, may alter the cellular redox
status, triggering prostaglandin production. More-
over, because the isoform of PLA, involved in the
inflammatory process depends on the type of
inflammation considered, H,S could interact with
both secretory or cytosolic PLA,, without distin-
guishing between the isoforms.

H.S has been shown to have both pro and anti-
inflammatory effects in different experimental in
vivo settings (Li et al., 2006). The role of H,S varies
depending upon the route of administration, the
experimental model used (pathological versus physi-
ological), and if endogenous H,S is modulated (use
of inhibitors) or an exogenous source is used (sub-
strates such as L-cysteine or a donor such as NaHS).

In conclusion, we have demonstrated that the
pro-inflammatory action of H,S in mouse hind paw
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Figure 5

Histological study with haematoxylin-eosin. (A) L-cysteine (500 ug per paw) induced an inflammatory state with a loss of tissue organization,
characteristic of oedema (magnification 10x). (B) Higher magnification of boxed area in A (magnification 40x). (C) Sodium hydrogen sulphide
(500 ug per paw) induced an inflammatory state with a loss of tissue organization characteristic of oedema (magnification 10x). (D) Higher
magnification of boxed area in C (magnification 40x). (E) Absence of inflammatory state following vehicle administration (magnification 10x).

involves PLA, activation with a consequent increase
in PGE; levels. This effect appears to be independent
of preformed mediators such as histamine and 5-HT.
Furthermore, the present study contributes to the
clarification of the controversy on the pro-and anti-
inflammatory roles of H,S.
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