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Hydrogen sulfide is an essential gasotransmitter associated with numerous pathologies. We assert that
hydrogen sulfide plays an important role in regulating macrophage function in response to subsequent
inflammatory stimuli, promoting clearance of leukocyte infiltrate and reducing TNF-a levels in vivo
following zymosan-challenge. We describe two distinct methods of measuring leukocyte hydrogen sulfide
synthesis; methylene blue formation following zinc acetate capture and a novel fluorescent sulfidefluor
probe. Comparison of these methods, using pharmacological tools, revealed they were complimentary in
vitro and in vivo. We demonstrate the application of sulfidefluor probe to spectrofluorimetry, flow
cytometry and whole animal imaging, to monitor the regulation of hydrogen sulfide synthesis in vivo during
dynamic inflammatory processes. Both methodologies revealed that granulocyte infiltration negatively
affects hydrogen sulfide synthesis. Our report offers an insight into the profile of hydrogen sulfide synthesis
during inflammation and highlight opportunities raised by the development of novel fluorescent hydrogen
sulfide probes.

H
ydrogen sulfide (H2S), which is a gasotransmitter such as nitric oxide and carbon monoxide, is implicated
in a variety of inflammatory1 and vascular disorders2, associated with both pro- and anti-inflammatory
signaling3. We have previously demonstrated numerous anti-inflammatory effects of H2S donors: redu-

cing adhesion and rolling of circulating leukocytes in inflamed microvasculature4, accelerated resolution of
experimental colitis5 and enhanced gastric ulcer healing6. The capacity of tissues, such as the brain, liver and
colon, to synthesize H2S is well-documented7. Furthermore, H2S synthesis is elevated in various inflammatory
conditions5. However, the contribution and effect of endogenous H2S on infiltrating leukocytes in inflammatory
models has not been well characterized.

Primarily studies have focused on the effects of exogenous sources of H2S, utilizing compounds such as sodium
hydrosulfide (NaHS) in immortalized cell lines. Despite a large study base the application of this ubiquitous H2S-
donor is often disputed because of the kinetics of H2S release and the concentrations used. A comparative study
showing differences between fast- (NaHS) and slow-release (GYY4137) H2S donors showed an increase in
inflammatory markers with high concentrations of NaHS compared to inhibitory effects of GYY41378. It has
since been reported that high concentrations (,1 mM) of NaHS trigger TNF-a and IL-1 release from IFN-c-
primed U937 cells in a NFkB-dependent fashion9. Furthermore, a study utilizing primary macrophages (Mw)
revealed LPS-induced up-regulation of a H2S synthesizing enzyme, CSE, in a concentration-dependent manner10.
Conversely, H2S donors have been reported to reduce LPS-induced TNF-a release by microglia11,12 and NFkB
activation in RAW 264.7 macrophages13.

A second approach has been to inhibit endogenous H2S synthesis that occurs via the ‘classical’ pathway,
through two cystathionine enzymes, cystathionine-b-synthase (CBS) and cystathionine c-lyase (CSE). It is
notable that transgenic mice deficient for CBS suffer severe growth retardation and mortality within 5 weeks
of birth14. CSE deficiency leads to a milder phenotype with mice displaying age-related hypertension and sex-
related hyperhomocysteinemia15. These enzymes have also been targeted with a variety of pharmacological tools,
with O-(carboxymethyl) hydroxylamine hemihydrochloride (CHH) and L-propargylglycine (L-PAG) predomi-
nantly used to inhibit CBS and CSE, respectively. However, as with the H2S donors, their actions have been
described as both pro-16 and anti-inflammatory17,18. Furthermore, recent studies have begun to characterize
‘alternative’ pathways of H2S production19, with few specific pharmacological tools available to assess their
physiological impact.
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The interpretation of studies reported above might not only hinge
on the pharmacological tools used but also on how each laboratory
measures H2S in biological samples. Many accurate methods have
been described including chromatography20, polarographic electro-
des21 and lead acetate capture on filter paper. The later remains a gold
standard for quantifying bacterial H2S production22. We have uti-
lized a variation of the lead acetate technique, optimized for tissue
synthesis of H2S by methylene blue formation5. During 2011 a series
of papers revealed new advances in applying highly selective fluor-
escence probes to measure H2S in living cells23–25. We have combined
the two techniques to investigate the regulation of leukocyte H2S
synthesis. In this comparative study we characterized the profile of
H2S synthesis in vitro and in vivo in the context of inflammation
using traditional laboratory assays along side state-of-the-art
imaging techniques to assess H2S synthesis in vivo in real-time.

Results
Primary macrophage H2S production is partially dependent on
cystathionine enzymes. To determine if human peripheral blood
mononuclear cells (PBMC)-derived MW had the enzymatic
machinery to synthesize H2S we assessed the expression of two
cysthationine enzymes, CBS and CSE, by immunohistochemistry
(Fig. 1 B and C respectively). PBMC-derived MW were incubated
overnight with either mouse anti-human CBS or CSE antibodies
(1:250), or IgG isotype control (Fig. 1 A). The SF5 probe was used
to visualize intracellular H2S in primary murine P-Gel-derived MW
compared to vehicle alone (Fig. 1 D and E respectively).

A comparison of methylene blue formation versus fluorescent
intensity of the SF5 probe was investigated by a concentration res-
ponse study using NaHS as the source of H2S (Fig. 1 F). Methylene
blue (open squares) had ,100-fold greater sensitivity for measuring
H2S in this cell-free assay than SF5 (closed circles).

To assess H2S synthesis in primary murine cells we used P-Gel-
derived Mw. H2S sulfide synthesis from Mw lysates was primarily
evaluated by methylene blue formation using a zinc acetate capture
method. Lysates were incubated in the presence or absence of the co-
factors, L-cysteine and P5P, as well as the cystathionine inhibitors, L-
PAG and CHH (Fig. 1G). H2S synthesis was dependent on the pres-
ence of both L-cysteine and P5P, with a significant (P,0.01), con-
centration-dependent reduction with inhibition of the cysthationine
enzymes (Fig. 1I). The SF5 probe was visible in living cell prepara-
tions (Fig. 1E) and therefore was assessed by measuring fluorescence
intensity following the addition of SF5 probe (1 mM) to P-Gel-
derived Mw in a 24-well plate (Fig. 1H–J). Fluorescence was assessed
every 2 min for 1 h and area-under-the-curve (AUC) was calculated
for each treatment. Addition of L-cysteine and P5P to the culture
medium for 1 h had no effect on intracellular H2S formation
(Fig. 1 H). Inhibition of the cystathionine enzymes, using L-PAG
and CHH, significantly reduced (P,0.05) H2S synthesis in a con-
centration-dependent manner utilizing both analytical approaches
(Fig. 1I and J).

Hydrogen sulfide primes macrophage responses to LPS stimulation.
We investigated the effect of NaHS and LPS, alone or in
combination, on synthesis of H2S, measured either by methylene
blue formation or SF5 fluorescence (Fig. 2A and B respectively).
Both methods detected a significant reduction (P,0.05) in H2S
synthesis following 4 h LPS stimulation. Pretreatment with NaHS
(30 mM; 215 min) prevented the inhibition of H2S synthesis by LPS
(Fig. 2A and B). Furthermore, cysthationine activity was shown to be
enhanced (P,0.05) by the pre-treatment with NaHS (Fig. 2A).

The effects of H2S on several markers of Mw function (TNF-a, IL-
10, cAMP and arginase-1) were also examined. We observed that 4 h
treatment with NaHS alone (30 or 100 mM) had no significant effect
on the synthesis of H2S, TNF-a or IL-10 release, or on intracellular
cAMP levels and arginase activity (Fig. 2A–F). In contrast, 15 min

pre-incubation with NaHS prior to LPS stimulation (4 h) signifi-
cantly affected each of these markers (P,0.05), with the exception
of IL-10 (Fig. 2D). TNF-a release was reduced (P,0.05) by pre-
treatment with 100 mM NaHS compared to LPS alone (Fig. 2A).
Levels of intracellular cAMP and arginase activity were significantly
increased when the Mw were exposed to 30 mM NaHS prior to LPS
(Fig. 2C and D respectively), as compared to the control group.

To assess whether NaHS produced its effects by regulating intra-
cellular signaling we investigated phosphorylation of Akt and IkB-a
expression using western blotting (Fig. 3A and B). NaHS (100 mM)
alone was shown to induce both phosphorylation of Akt and IkB-a
expression over a period of 60 min (Fig. 3A). LPS stimulation
(300 ng/ml; 30min) also induced phosphorylation of Akt, which
was inhibited by pre-treatment with NaHS across the concentration
range (Fig. 3B).

The ability of NaHS to regulate functional behaviour of Mw was
evaluated by bacterial phagocytosis and fMLP-induced chemotaxis
(Fig. 3C and D respectively). Bacterial ingestion of ampicillin-
resistant E.coli was significantly (P,0.01) increased in P-Gel-derived
MW pre-treated with NaHS (Fig. 3C). The addition of LPS also in-
creased bacterial ingestion (P,0.001). Furthermore, pre-treatment
of P-Gel-derived MW with 100 mM NaHS, prior to LPS, significantly
(P,0.001) reduced viability of bacteria by MTT growth assay
(Fig. 3C). NaHS alone had no significant effect on the chemotactic
function of bone marrow-derived MW (Fig. 3D). The mobilization of
MW towards fMLP (10 mM) was significantly (P,0.05) enhanced by
NaHS in a concentration-dependent manner (Fig. 3D).

Characterization of hydrogen sulfide synthesis during acute
and resolving inflammation. We used two models of acute in-
flammation: zymosan-induced peritonitis (Fig. 4) and zymosan-
induced air pouch (Fig. 5), to characterize H2S synthesis by tissue
and infiltrating leukocytes during a 48 h time course.

H2S synthesis by resident and infiltrating leukocytes was measured
by either methylene blue formation (Fig. 4A) or SF5 fluorescence
(Fig. 4B-H). For methylene blue formation infiltrating leukocytes
were harvested from the peritoneum at a given time point, lysed,
then incubated with L-cysteine and P5P (open bars; right Y-axis)
and normalized to cell number. Total cell numbers infiltrating the
peritoneum are overlaid (black squares) (Fig. 4A). H2S synthesis
mirrored the peak leukocyte infiltration, reflected in a significant
(P,0.001) reduction at 4 h. H2S synthesis by infiltrating leukocytes
increased as inflammation resolved (48 h). A second set of experi-
ments was performed in which the SF5 probe was injected into the
peritoneum 30 min before each sample collection. Fluorescence
intensity of the cell exudates was measured by spectrofluorometry
(Fig. 4B) or by flow cytometry (Fig. 4C–H). The fluorescence profile
of the exudates was broadly consistent with the data obtained by
methylene blue formation, with minimal SF5 fluorescence at the time
of peak cell infiltration (24 h). To further investigate the leukocyte-
H2S profile we applied flow cytometry with the addition of neutro-
phils (Gr-1hi) or monocyte/macrophage (F4/80) markers. The histo-
grams and bar graphs are representative of total infiltrating
leukocytes (Fig. 4C and F), Gr-1high (Fig. 4D and G) and F4/801

(Fig. 4E and H). Each time point is represented by a different colour;
0 h orange, 4 h blue, 24 h green and 48 h red with black denoting the
isotype control (Fig. 4C–E). There was a significant (P,0.01) reduc-
tion in the total leukocyte median fluorescence intensity (MFI) at
4 h, which recovered to basal levels at 24 and 48 h (Fig. 4F).
Although the neutrophil (Gr-1hi) profile shows no significance
between groups (Fig. 4G), it is important to note the differing char-
acteristics of each time point on the histograms. Very few granulo-
cytes were present at 0 h, followed by a sharp peak at 4 h which
becomes more diffuse by 24/48 h (Fig. 4D). Conversely, F4/801 cells
significantly (P,0.05) increased in fluorescence at 24 and 48 h
(Fig. 4H). The characteristics of the leukocyte infiltrate at each time
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point is again notable with a sharp peak of resident cells at 0 h that is
no longer observed at 4 h, the fluorescence incrementally increases at
24 and 48 h (Fig. 4E).

We applied a similar approach to characterizing a model of air
pouch inflammation over 48 h (Fig. 5). Endogenous H2S formation

in the air pouch was monitored using whole mouse fluorescence
imaging following injection of the SF5 probe directly into the pouch,
30 min before each sample collection (Fig. 5A). The fluorescent sig-
nal within the region of interest (ROI; white dotted line) of the pouch
was quantified using Living Image software, with a significant

Figure 1 | Hydrogen sulfide synthesis by primary macrophages is partially dependent on classical cystathionine enzymes. Immunohistochemical

analysis of human PBMC-derived MW incubated with (A) mouse IgG2 Isotype, (B) mouse anti-human CBS, and (C) mouse anti-human CSE (Abnova).

Data are representative images of samples from three healthy male donors. Murine P-Gel-derived MW were incubated for 30 min with either (D) vehicle

or (E) 1 mM SF5. Efficacy of either SF5 (closed circles) or methylene blue formation following zinc acetate capture (open squares) for NaHS was compared

by a concentration-response curve (F). H2S synthesis by P-Gel-derived MW lysate was measured by methylene blue formation at 4 h (G) in the presence or

absence of L-Cys (10 mM), P5P (2 mM), L-PAG (10 mM), CHH (1 mM). P-Gel-derived MW were incubated with and without L-Cys and P5P in living

cells with SF5 (1 mM) probe (H). P-Gel-derived MW were pre-treated with L-PAG or CHH for 4 h prior and either lysed for methylene blue formation

(I) or fluorescent intensity (J) of additional SF5 (1 mM) was assessed over a subsequent 30 min by kinetic assay by spectrofluorometry. ***P,0.001,

**P,0.01, *P,0.05 compared by one-way ANOVA and Dunnett’s post-test to L-Cys and P5P treated positive controls (n.3).
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increase (P,0.01) in fluorescence at 0 h and 48 h as compared to
vehicle (Fig. 5B). As described for peritonitis, the inflammatory exu-
dates were recovered and assessed by spectrofluorometry (Fig. 5C)
and flow cytometry (Fig. 4D–I). Note that 0 h is not represented by
spectrofluorometry and flow cytometry due to negligible cell num-
bers that could not be accurately assessed. The histograms and bar
graphs are representative of total infiltrating cells (Fig. 5D and G),
Gr-1hi (Fig. 4E and H) and F4/801 (Fig. 4F and I). Each time point is
represented by a different colour; 4 h blue, 24 h green and 48 h red
with black denoting the isotype control (Fig. 5D–F). SF5 fluorescence
intensity within infiltrating leukocytes was significantly increased
(P,0.01) at 48 h for both total exudate (Fig. 5C) and F4/801 leuko-
cytes (Fig. 5I) compared to 4 h. SF5 MFI within total and Gr-1hi

leukocyte populations was markedly reduced (P,0.01) at 24 h
(Fig. 5G and H) but increased for F4/801 leukocytes at 24 and
48 h (Fig. 5I) compared to 4 h.

Hydrogen sulfide as a marker of neutrophil infiltration and its
role in the resolution of inflammation. Leukocyte infiltrate is used
as an indication of acute inflammation. In the early stages of
the inflammatory process, neutrophil influx predominates. The
decrease in H2S synthesis that we observed during the first 2–6 h
after injection of zymosan into the peritoneum may have been due to
inhibitory effects exerted by infiltrating neutrophils. To further
examine this, mice were injected i.p. with anti-neutrophil serum
(ANS) once at 24 h and again at 1 h prior to injection of zymosan

Figure 2 | Macrophage priming with NaHS reduces classical cell activation. P-Gel-derived MW were treated with NaHS 15 min prior to vehicle or LPS

(300 ng/ml; 4 h) and H2S synthesis was measured by methylene blue formation (A) or SF5 fluorescence (B). The release of cytokines TNF-a (C) and IL-10

(D) were measured in supernatant by ELISA (eBioscience) whereas cAMP levels (E) were measured by EIA (Caymen) and arginase activity (F) were

assessed in cell lysate. ***P,0.001, **P,0.01, *P,0.05 compared by one-way ANOVA and Dunnett’s post-test to vehicle. (n55). *P,0.05 compared by

one-way ANOVA and Dunnett’s post-test to vehicle control. 1P,0.05 as compared by one-way ANOVA and Dunnett’s post-test to LPS alone (n55).
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Figure 3 | Macrophage priming with NaHS enchances bacterial processing and chemotaxis. Western blotting for IkB-a and P-Akt was performed on

cell lysates treated with NaHS (100 mM) over a time course (A) or in combination with LPS (B). P-Gel-derived MW were treated with NaHS 15 min prior

to vehicle or LPS (300 ng/ml; 30 min), prior to incubation with ampicillin-resistant E.coli for 30 min. P-Gel-derived MWwere washed and permeabilized

and bacterial content recovered. Bacterial growth in LB broth, containing ampicillin, was measured by MTT assay (C) after 24 h and quantified to a

standard curve of known bacterial numbers. Chemotactic response of bone marrow derived MW was assessed by alamar blue (D) towards 1 mM fMLP

following 15 min pre-treatment of NaHS. ***P,0.001, **P,0.01, *P,0.05 compared by one-way ANOVA and Dunnett’s post-test to untreated

control. 111P,0.001 compared by one-way ANOVA and Dunnett’s post-test LPS alone (n55).
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into the peritoneum (Fig. 6A). The selectivity of ANS for Gr-1hi

neutrophils was confirmed by flow cytometry. ANS significantly
(P,0.01) inhibited the influx of leukocytes into the peritoneal
cavity at 4 h (Fig. 6A). This was mirrored by enhanced (P,0.05)
H2S synthesis (per 1x106 leukocytes) in ANS-treated mice compared
to controls (Fig. 6B).

To investigate whether exogenous or endogenous H2S was able to
affect the acute inflammatory response NaHS, L-PAG or CHH was
injected i.p. prior to zymosan-induced peritonitis for 4 h. NaHS treat-
ment, but not cystathionine enzymes inhibition, was able to signifi-

cantly (P,0.05) inhibit both total leukocyte and neutrophil infiltration
into the peritoneal cavity at 4 h (Fig. 6C and D respectively).

The effect on H2S production by infiltrating leukocytes of NaHS,
L-PAG and CHH pre-treatment was measured by SF5 fluorescence
(Fig. 6E) or by flow cytometry (Fig. 6F). Interestingly, only CHH
significantly inhibited H2S synthesis as measured by both methods
(P,0.01). NaHS reduced H2S synthesis significantly (P,0.01) as
measured by flow cytometry (Fig. 6F).

To assess the effects of H2S later in the inflammatory process, we
conducted a series of experiments in both zymosan-induced peri-

Figure 4 | Mononuclear cells are an important source of hydrogen sulfide during inflammation: H2S as a mediator of resolution. The profile of H2S

synthesis by infiltrating leukocytes was compared during zymosan-induced peritonitis measured by methylene blue formation following zinc acetate

capture (A) white bars; left Y-axis (n510) or SF5 probe (B) injected i.p. (100 ml; 10 mM) 30 min prior to euthanasia. SF5 fluorescence intensity was

assessed by spectrofluorometry in peritoneal lavage is expressed as a ratio of cell numbers (n.4). Total cell numbers are overlaid (black points; right

Y-axis). ***P,0.001, **P,0.01 compared by one-way ANOVA and Dunnett’s post-test to zymosan alone (n.4). SF5 fluorescence within infiltrating

leukocytes was analyzed by flow cytometry and represented as histograms over the time course for total infiltrating leukocytes (C) GR-1hi leukocytes (D)

and F4/801 leukocytes (E). Black filled histograms represents isotype control (C) GR-1 only (D) and F4/80 only (E). Time points are represented as 0 h;

orange, 4 h; blue, 24 h; green, and 48 h; red. SF5 mean fluorescence intensity was quantified for total infiltrating leukocytes (F), GR-1hi cells (G) and F4/

801 cells (H). **P,0.01, *P,0.05 compared by one-way ANOVA and Dunnett’s post-test to 0 h time point (n.4; representative of 2 experiments).
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Figure 5 | Acute inflammation impairs both tissue and cellular hydrogen sulfide synthesis. Tissue and cellular incorporation of SF5 probe was

measured over 48 h in a model of zymosan-induced air pouch inflammation; data are representative of two experiments done in triplicate. Vehicle or SF5

(100 ml; 10 mM) were injected into the pouch 30 min prior to whole mouse imaging with a IVIS Spectrum (Caliper Life Sciences) during a 48 h time

course (A). Fluorescence emission was measured within a region of interest (ROI; white dotted line) encapsulating the air pouch expressed as photons/sec

over the time course (B). SF5 fluorescence intensity in inflammatory exudates was analyzed by spectrofluorometry (C) and expressed as a ratio of

infiltrating cell number (n53). Total cell numbers are overlaid (black points; right Y-axis). SF5 fluorescence within infiltrating leukocytes was analyzed by

flow cytometry and represented as histograms over the time course for total infiltrating leukocytes (E) GR-1hi leukocytes (F) and F4/801 leukocytes (G).

Black filled histograms represents isotype control (E) GR-1 only (F) and F4/80 only (G). Time points are represented as 4 h; blue, 24 h; green, and 48 h;

red. SF5 mean fluorescence intensity was quantified for total infiltrating leukocytes (H), GR-1hi (I) and F4/801 cells (J). **P,0.01, *P,0.05 compared by

one-way ANOVA and Dunnett’s post-test compared to 4 h (n53; representative of 2 experiments).
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tonitis (Fig. 7A–D) and zymosan-induced air pouch inflammation
(Fig. 7E–H). NaHS or CHH were injected i.p 10 h after the initial
challenge with zymosan in each model and the samples were col-
lected 48 h after zymosan administration. Leukocyte infiltration was
assessed by cell counts (Fig. 7A and E), flow cytometry of Gr-1hi

(Fig. 7B and F) and F4/801 leukocytes (Fig. 7C and G). TNF-a levels
were measured in the cell-free exudate (Fig. 7D and H). In both
inflammatory models NaHS significantly reduced total leukocyte
and neutrophil infiltration, as well as suppressing (P,0.05) TNF-a
levels in the air pouch exudate. CHH significantly (P,0.01) inhibited
neutrophil infiltration (Fig. 7B) into the peritoneum, but total leu-

kocyte numbers remained unaffected. The most striking effect was
on TNF-a levels. CHH augmented TNF-a levels in both models as
compared to controls (P,0.05).

Discussion
This study compares two methods of measuring H2S synthesis by
primary leukocytes and during experimental models of inflammation.
We show that primary MW expressed both cystathionine enzymes,
CSE and CBS, and that they are partially responsible for MW H2S
synthesis. Finally, we demonstrate that cystathionine enzyme activity
and H2S-induced SF5 fluorescence are negatively regulated, both in

Figure 6 | Reduction in hydrogen sulfide synthesis during acute inflammation is neutrophil dependent. Animals received either vehicle or anti-

neutrophil serum (ANS) at 24 h and 1 h prior to zymosan-induced peritonitis. Leukocyte numbers were counted by haemocytometer (A) and cell pellets

were lysed for methylene blue assay (B). **P,0.01, *P,0.05 compared by one-way ANOVA and Dunnett’s post-test to vehicle alone (n54). NaHS

(-15 min), L-PAG or CHH (1 h) were also injected i.p. prior to zymosan-induced peritonitis for 4 h. Leukocyte numbers were counted by

haemocytometer (C) and Gr-1hi neutrophils determined by flow cytometry (D). **P,0.05 compared by one-way ANOVA and Dunnett’s post-test to

zymosan alone (n55). H2S synthesis was assessed by SF5 fluorescence intensity using spectrofluorometry in peritoneal lavage and expressed as a ratio of

cell numbers (E). Leukocyte SF5 fluorescence was also measured using flow cytometry (F). ***P,0.001, **P,0.01 compared by one-way ANOVA and

Dunnett’s post-test to zymosan alone (n55).
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vitro and in vivo, by inflammatory stimuli. The application of these
methodologies revealed the later to be highly sensitive and flexible
technique offering applications in both in vitro and in vivo settings.

Previous studies have reported Mw H2S synthesis measured with
amperometric microsensor10 or electrode8. We applied a modified
method of zinc acetate capture assessed by methylene blue formation
using a fluorescence end-point, allowing for greater assay sensitivity.
This established technique was compared with a novel fluorescent
probe, SF5. The methods differed in a number of important aspects.
Firstly, methylene blue formation is a quantifiable method of deter-
mining H2S synthesis over time from tissue/cell lysate. H2S synthesis
via the cystathionine enzymes is dependent on the presence of both
L-cysteine and proxidial-5-phosphate as co-factors in this assay, and
therefore does not necessary reflect physiological H2S production. In
contrast, sulfidefluor probes are selective markers of intracellular
H2S in live cells without the necessity of additional substrates or
co-factors25. The SF5 fluorescent signal was visible by immunhisto-
chemistry, kinetic assay on a plate reader, by flow cytometry and
using an in vivo imaging system (IVIS). Despite the multiple applica-
tions for SF5, it was not a quantifiable method of measuring H2S
synthesis. Notably, methylene blue formation was more efficient in
reacting with H2S liberated from NaHS in cell-free aqueous solution
than SF5 probe. We postulate that in cell-based assays the SF5 probe
chelates H2S within cells over time, rather than reflecting high intra-
cellular concentrations of H2S.

Both methods of monitoring H2S synthesis were sensitive to phar-
macological inhibition of the cystathionine enzymes (CSE and CBS),
by L-PAG and CHH, respectively. There was no synergy observed
with the combination of both inhibitors, suggesting that H2S syn-
thesis by these classical pathways accounts for ,50% of the total H2S
synthesis. Recent studies have identified ‘alternative’ pathways of
H2S synthesis, which may account for the cystathionine-independ-
ent signals consistently observed in vitro19,26. Exposure of MW to LPS
also resulted in reduced cystathionine enzyme activity and H2S syn-
thesis, as measured by SF5. Previous studies have reported both
positive10,27 and negative11,12 regulation of H2S and CSE expression,
with our results being in agreement with the latter. We show that
NaHS is protective of endogenous H2S synthesis as well as priming
MW to become hyporesponsive to LPS stimulation, regulating both

TNF-a and NO release. These effects could occur via modulation of
the NFkB pathways, noted by the lack of IkB-a degradation follow-
ing NaHS treatment, that has also been observed in other cell
types13,28,29. NaHS-induced Akt phosphorylation has also been iden-
tified as a mechanism of H2S-mediated cell survival30 and angiogen-
esis31. Akt phosphorylation was differentially regulated in the
presence of LPS, which reveals an interesting aspect of the regulatory
role of H2S in the presence or absence of secondary stimuli. The
enhanced association, phagocytosis and subsequent processing of
E. coli observed following treatment with NaHS, as well as a concen-
tration-dependent increase in MW migration towards fMLP, may
point to further signaling pathways involved in membrane re-
organization. These processes have also been described in neutro-
phils with increased survival and anti-bacterial properties32, as well as
modulating neutrophil33 and endothelial cell34 migration. These data
suggest these are common pathways initiated by NaHS that are
shared between different leukocyte populations.

H2S production is increased in tissue in experimental models of
inflammation5,6 and endotoxic shock27. In this study we noted
that leukocyte H2S synthesis was negatively regulated during the
acute phases of zymosan-induced inflammation. This response was
observed in both zymosan-induced peritonitis and an air-pouch
inflammation model at 4–24 h post challenge, when leukocyte infilt-
rate was at its peak.

During peritonitis, resident cells (,40–60% Mw) migrate away
from the site of challenge to the drain lymph nodes; granulocytes
become the predominant leukocyte population 3–6 h post-challenge
(,80–90%). By 24 h a mixed population of granulocytes (,60–70%)
and monocytes (,20–30%) are the largest constituents within the
peritoneum. By 48 h granulocytes become apoptotic and provide an
environment in which monocytes can differentiate to mature Mw
(,10–15%)35. Interestingly, in our experiments the proportion of
Mw mirrored the capacity of these mixed leukocyte populations to
synthesize H2S. Furthermore, the immunodepletion of neutrophils
in zymosan-induced peritonitis not only protected, but also
enhanced the activity of the cystathionine enzymes in resident leu-
kocytes. A recent study from our laboratory also found that granu-
locytes were not a prominent source of H2S production in inflamed
colonic tissue36. Together these data suggest that Mw, and not gran-

Figure 7 | Administration of NaHS, but not cystathionine inhibitors, during inflammation enhances leukocyte clearance in zymosan-induced
peritonitis and air pouch. NaHS (5 mg/kg) or CHH (20 mg/kg) were administered i.p. at 10 h after zymosan injection into the peritoneum and total cell

infiltrate (A) Gr1hi leukocytes (B) F4/801 (C) leukocytes and TNF-a levels (D) where measured at 48 h. **P,0.01, *P,0.05 compared by one-way

ANOVA and Dunnett’s post-test to zymosan alone (n.8). NaHS (5 mg/kg) or CHH (20 mg/kg) were administered at 10 h after zymosan injection into

the air pouch and total cell infiltrate (E) Gr1hi leukocytes (F) F4/801 (G) leukocytes and TNF-a levels (H) where measured at 48 h. **P,0.01, *P,0.05

compared by one-way ANOVA and Dunnett’s post-test to zymosan alone (n.10).
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ulocytes, contribute to the increased levels of H2S synthesis assoc-
iated with inflammation. We observed that granulocyte infiltration is
associated with reduced H2S formation under these experimental
conditions.

The results obtained from studies using zymosan-induced inflam-
mation of an air-pouch were similar to those from the peritonitis
model. Whole animal imaging (IVIS) demonstrated that the greatest
H2S synthesis occurred prior to zymosan-challenge. There are neg-
ligible leukocyte populations within the air-pouch prior to challenge,
suggesting that the surrounding tissue was synthesizing H2S. This
observation would support the well-documented role of H2S in
angiogenesis31,37 which occurs during the vascularization of the
pouch. H2S has recently been suggested to be a biomarker of disease
progression in rheumatoid arthritis38 and acute lung infection39. The
present study represents the first description of H2S measurement in
vivo using a non-invasive method, and suggests that this could
be translated to the determination of inflammation and leukocyte
activation in a clinical setting.

Finally, we assessed whether the addition or inhibition of H2S
during the inflammatory process could significantly affect resolution
of inflammation, by monitoring leukocyte clearance and TNF-a
levels in vivo. Previous reports suggested that administration of
NaHS prior to an inflammatory challenge can result in inhibition
of granulocyte infiltration4. When NaHS was administered 10 h
post-zymosan, a significant reduction of both total cell infiltrate
was observed, whereas the CBS inhibitor, CHH, had no effect on
total leukocyte infiltration in either the peritonitis or air-pouch mod-
els. CHH treatment also resulted in elevated levels of TNF-a within
the cell exudates, suggesting a prolongation of the inflammatory
response within these animals. Therefore, we suggest that H2S pro-
motes the phagocytosis and clearance of apoptotic granulocytes by
infiltrating mononuclear cells. Taken together with the in vitro stud-
ies in primary MW, we implicate H2S as an important homeostatic
and pro-resolving mediator in vivo40.

In conclusion, we provide substantial evidence that H2S is a potent
mediator of leukocyte function both in vitro and in vivo. We observed
that acute inflammation, and particularly granulocyte infiltration,
significantly inhibits H2S synthesis. We detail that both the estab-
lished methylene blue formation assay and a novel sulfidefluor-
probe, SF5, can be complimentary methods to measure H2S syn-
thesis, with the latter providing considerable flexibility for experi-
mental applications. This study highlights the complex relationship
between H2S and inflammatory processes, as well as providing an
intriguing proof-of-concept for utilizing fluorescent H2S probes in
vivo.

Methods
Antibodies and Reagents. CHH, LPS and fMLP were obtained from Sigma.
Monoclonal anti-human CSE and CBS antibodies were obtained from ABNOVA.
Rabbit anti-phospho-Akt and rabbit anti-Pan-Akt or rabbit anti-IkB-a obtained
from Cell Signaling. Sulfidefluor-5 probe (SF5) was obtained as a kind gift from Dr C.
Chang (Berkley, USA). This is a second-generation molecule based upon the structure
of published molecules25.

Primary cell culture. P-Gel MWwere harvested 4 d after i.p. injection of 1 ml of 2% P-
100 gel (Bio-Rad, Ontario, CA) in sterile PBS. Cell suspensions were passed through
40 mm cell strainers (BD Biosciences, Ontario, CA) before being washed and seeded.
Peritoneal cells were harvested as described in ‘Zymosan-induced peritonitis and air
pouch model’. BMDMW were obtained from femurs and tibias of 22–26 g male Balb/
C mice. Bone marrow was flushed, washed and re-suspended in complete DMEM
medium containing 30% L929 conditioned medium and incubated at 37uC for 5 days.

Human peripheral blood was collected from healthy volunteers by i.v. withdrawl
into 3.2% sodium citrate solution (1:10). PBMCs were separated using Leucosep tubes
(Greiner Bio-one, DE) containing Ficoll (GE Healthcare, Ontario, CA). Mw were
differentiated with 10 ng/ml GM-CSF (Peprotech, New Jersey, USA) for 7 days in
complete RPMI media. All healthy volunteers gave oral and written consent, in
accordance with McMaster University and Hamilton Health Sciences Research Ethics
Boards regulations (11-139-T).

TNF-a and IL-10 secretion measured by ELISA (eBioscience, San Diego, USA).
Plates were frozen immediately after treatments (280uC) for determination of H2S
production and cellular cAMP levels (EIA; Cayman, Michigan, USA).

Immunohistochemistry. Cells were cultured on glass slides for fluorescence
microscopy. Cells were permeablized with 0.01% Saponin, 0.1% BSA and fixed with
4% PFA. Monoclonal CSE and CBS antibodies (ABNOVA, Taipei City, TW: 1:250)
were incubated with the slide overnight prior to 1 h incubation with anti-mouse
TRITC (eBioscience, San Diego, CA, USA). Finally slides were mounted with Prolong
Gold (Invitrogen, Carlsbad, CA, USA) and images were captured with a Nikon i80
camera. Three fields were analyzed from each donor and representative panels were
chosen.

Hydrogen sulfide synthesis. Methylene blue formation was performed following
zinc acetate capture of H2S as previously described5. This technique was modified
from an established assay41. Briefly, cells were lysed using ice-cold buffer containing
protease inhibitors (Sigma, Ontario, CA). The homogenates were incubated (1.5 h;
37uC) in the presence or absence of P5P (2 mM) and L-Cys (10 mM) unless stated
otherwise. Addition of iron (III) chloride and N,N’-dimethyl-p-phenylenediamine
sulfate salt (Sigma, Ontario, CA) results in a fluorescent product, read in a 96-well
plate with a SpectraMax M3 Microplate reader (Excitation 620 nm, emission
690 nm). Competitive inhibitors of CSE and CBS, L-PAG (10 mM) and CHH
(1 mM) respectively, were incubated with Mw cultures for 1 h. A standard curve was
generated with known concentrations of NaHS.

In vitro SF5 was administered at 1 mM 30 min prior to performing a 1 h kinetic
assay at 37uC with a SpectraMax M3 Microplate reader (Excitation 480 nm, emission
520 nm). In vivo assays were performed by injecting SF5 directly into the site of
inflammation 30 min prior to endpoint or imaging.

Macrophage chemotaxis. Mw chemotaxis was performed using commercially
available 5-mm ChemoTx 96-well plates (Neuroprobe, Maryland, USA). Vehicle,
NaHS or fMLP were added to the base of the plate and 105 BMDMW were applied
above the membrane. BMDMW were either untreated or pre-treated with NaHS,
prior to incubation for 120 min on the membrane. Migrated cells were quantified
after 4 h of incubation with alamarBlue (Invitrogen; excitation 540 nm, emission
590 nm) by comparison with a standard curve constructed with known numbers
of Mw.

Phagocytosis and bacterial killing of Escherichia coli. Ampilcilin-resistant E. coli
were generated using a previously described plasmid42. P-Gel Mw were pre-treated
with vehicle, NaHS and/or LPS 30 min prior to exposure to 107 E. coli for 30 min.
Cells were washed twice and then permeabilizing with 0.1% saponin (Sigma, Ontario,
CA) in lysogeny broth containing ampicillin for 15 min. Supernatants and known
concentrations of bacteria were grown for 24 h at 37uC before quantification using
tetrazolium salt with absorbance read at 590 nm.

Western blotting. Rabbit anti-phospho-Akt (P-Akt), rabbit anti-Pan-Akt or rabbit
anti-IkB-a (Cell Signaling) were diluted 1:1000 in 5% BSA/TTBS and incubated
overnight. HRP-conjugated anti-rabbit antibody (GE Healthcare, ON, Canada) was
added 1:5000 dilution and incubated for 1 h. Enhanced chemiluminescence (GE
Healthcare, ON, Canada) was captured digitally over 5 min on a Gel Doc XR system
and optical density quantified using Image Lab software (BioRad, ON, Canada).

Zymosan-induced peritonitis and air pouch model. Peritonitis was induced by
injecting 1 mg zymosan A (Sigma, ON, Canada; i.p) in 0.5 ml PBS as previously
described35. The air pouch procedure was carried out as described previously43. Mice
were injected with 2.5 ml sterile air intra-dermal (i.d) in the dorsal inter-scapula
region with a 23-gauge needle on day 0 and again on day 3 and inflammation was
induced by injecting 1% zymosan A in 0.5 ml CMC on day 5. Cells were harvested
with PBS-containing 25 U/ml heparin and 0.3 mM EDTA, and counted using trypan
blue (Sigma). Proportions of specific leukocyte populations were quantified by flow
cytometry staining for granulocytes (GR-1high) or myeloid cells (F4/801). All
experimental procedures described herein were approved by the Animal Care
Committee of the Faculty of Health Sciences at McMaster University.

Whole mouse imaging. Vehicle or SF5 (100 ml; 10 mM) were injected into the pouch
30 min prior to whole mouse imaging with an IVIS Spectrum (Caliper Life Sciences)
during a 48 h time course. Fluorescence (excitation 460 nm; emission 520) was
measured within a region of interest (ROI; white dotted line) encapsulating the air
pouch and analyzed using Living Image software.

Statistical analysis. All statistics were analyzed on GraphPad Prism 5 software
package. One-way ANOVA and Dunnett’s post hoc evaluation were applied to
grouped data to test the probability of significant differences among treatments. An
associated probability (P value) of less than 5% was considered significant.
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