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Inhibition of anti-IgE mediated human mast cell
activation by NO donors is dependent on their NO
release kinetics

KH Yip!, FP Leung? Y Huang? and HYA Lau'

Departments of 'Pharmacology and *Physiology, Faculty of Medicine, The Chinese University of Hong Kong, Shatin, N.T.,
Hong Kong SAR, China

Background and purpose: Although the mast cell is a source of nitric oxide (NO), the effect of NO on human mast cells has
not been defined. This study investigated if exogenous NO could affect human mast cell activation.

Experimental approach: Effects of different NO donors on immunoglobulin E (IgE)-dependent activation of human-cultured
mast cells (HCMC) derived from precursors in buffy coat were investigated by measuring histamine release. Intracellular NO
in HCMC was monitored with confocal microscopy using the fluorescent NO indicator 4-amino-5-methylamino-2’,
7’-difluorofluorescein.

Key results: Diethylamine NONOate (DEA/NO) and MAHMA NONOate (NOC-9), both have rapid NO release rates, only
inhibited anti-IgE-induced histamine release when added to HCMC at the time of activation. NO donors with slower NO release
kinetics were ineffective even after 30 min incubation. Confocal microscopy revealed that the effectiveness of NO donors was
dependent on the availability of adequate NO inside HCMC during activation. The inhibitory action of DEA/NO was diminished
by the NO scavenger, 2-(4-carboxyphenyl)-4,4,5,5-tetramethylimidazoline-3-oxide-1-oxyl but potentiated by the anti-oxidant,
N-acetylcysteine (NAC). Furthermore, co-incubation with NAC allowed previously ineffective NO donors to suppress HCMC
activation and thus suggested that NAC could increase the availability of NO from NO donors.

Conclusions and implications: Our results demonstrated that NO was able to modulate human mast cell activation but only
when enough NO was present at the time of cell activation. Our findings explain the controversy over the effectiveness of NO
on mast cell degranulation and supports the possibility that NO donors could be beneficial for treating allergic inflammation.
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carboxy-PTIO, 2-(4-carboxyphenyl)-4,4,5,5-tetramethylimidazoline-3-oxide-1-oxyl; cGMP, cyclic guanosine
monophosphate; DAF-FM, 4-amino-5-methylamino-2’, 7’-difluorofluorescein; DEA/NO, diethylamine
NONOate; FHB/HA, full HEPES buffer with human albumin; HCMC, human-cultured mast cell; IgE, immuno-
globulin E; L-NMMA, L-N®-monomethyl arginine; NAC, N-acetylcysteine; NaNP, sodium nitroprusside;
NOC-9, MAHMA NONOate; NONOates, diazeniumdiolates; NOR-3, (z)-(E)-Ethy-2-[(E)-hydroxyimino]-5-
nitro-3-hexeneamide; RNOS, reactive nitric oxide species; ROS, reactive oxygen species; RPMC, rat peritoneal
mast cells; sGC, soluble guanylate cyclase; SIN, 3-morpholinosydnonimine; SNAP, S-nitroso-N-
acetylpenicillamine; SOD, superoxide dismutase; SPER/NO, spermine NONOate
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Introduction

Mast cells are pivotal in the pathogenesis of inflammation and
allergic hypersensitivity through the release of diverse chemi-
cal substances which initiate inflammatory processes leading
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to the pathological consequences of allergic disorders such as
anaphylaxis, allergic rhinitis and asthma (Metcalfe etal.,
1997). The release of preformed (histamine, tumour necrosis
factor-o) and de novo synthesized (prostaglandin D,) media-
tors from mast cell contributes mainly to the immediate phase
of allergic inflammation (Galli, 2000) while the synthesis of
various chemokines and cytokines (tumour necrosis factor-c,
interleukin-8) following mast cell activation contributes to
chronic inflammation (Gordon et al., 1990). Recent studies
also demonstrated that mast cells are capable of synthesizing
and releasing nitric oxide (NO) (Bidri et al., 2001; Sekar et al.,
2005; Yip et al., 2008).
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Nitric oxide is a small uncharged free radical that diffuses
freely in and out of cells and between cellular compartments
(Coleman, 2001). Rapid but transient synthesis of NO at low
concentrations by constitutive nitric oxide synthase (NOS)
induces fast and transient response in target cells through
modulation of intracellular cyclic guanosine monophosphate
(cGMP) levels. In contrast, sustained synthesis of NO at high
concentrations by inducible NOS induces diverse and
complex series of cGMP-independent actions mediated by
reactive nitric oxide species (RNOS) (Moncada et al., 1991).
Increased levels of NO have been detected in exhaled air of
asthmatic patients (Fischer etal.,, 2002) but whether the
increased level of NO produces beneficial or deleterious effects
in asthma is still a matter of controversy.

The roles of NO released by mast cells are not currently
defined but it is possible that it may modulate the activity of
adjacent cells or of mast cells themselves. Salvemini et al.,
(1991) first reported that histamine release from rat peritoneal
mast cells (RPMC) in response to compound 48/80 and
calcium ionophore was enhanced by removal of endogenous
NO synthesis by using the NOS inhibitor, L-N°-monomethyl
arginine (L-NMMA) and was suppressed by exogenously
applied NO from the NO donor sodium nitroprusside (NaNP).
Subsequent studies with NOS inhibitors further revealed that
NO generated by rodent mast cells could reduce histamine
release induced by immunoglobulin E (IgE) directed antibod-
ies (anti-IgE) (Eastmond et al., 1997; Deschoolmeester et al.,
1999) and other stimuli such as compound 48/80, substance
P and nerve growth factor (Brooks etal., 1999). Similarly,
studies using NaNP or other NO-donors also demonstrated
that exogenously added NO could inhibit IgE-induced media-
tor release from rodent mast cells (Bidri et al., 1995; Eastmond
etal., 1997; Deschoolmeester et al., 1999) and human skin
mast cells (van Overveld et al., 1993). However, contradictory
results which failed to obtain similar observations with
L-NMMA and NaNP have also been reported (likura et al.,
1998; Lau and Chow, 1999; Peh et al. 2001). The discrepancy
may be due to variations in experimental conditions such as
the strains of rats, cell density as well as the purity of the mast
cell preparations used (Coleman, 2002).

In view of the controversy on the effects of NO donors on
mast cell activation in rodents and a lack of extensive
studies of this topic in human mast cells, the objectives of
the current research were to investigate if NO donors could
modulate activation of human mast cells and if the actions
were related to NO release so that a more complete under-
standing of the roles of NO on human mast cell activation
could be obtained. The CD34" hematopoietic stem cells
derived human-cultured mast cells (HCMC) employed in the
current study have been demonstrated to share the same
phenotypic and functional characteristics of lung parenchy-
mal and intestine mucosal mast cells which are predomi-
nantly the MC; subtype (Wang et al., 2006a). HCMC are
thus a useful model for studying mast cell biology in human
and their homogeneity can eliminate any influence from
contaminating cells. NO donors with distinct NO release
properties and kinetics were chosen for investigating if NO
could modulate immunologically induced histamine release
from HCMC. In addition, we directly measured intracellular
levels of NO in HCMC using the NO sensitive dye 4-amino-
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S-methylamino-2’, 7’-difluorofluorescein (DAF-FM) and also
tested if the presence of antioxidants could increase the
potency of NO donors.

Methods

Histamine release assay

Human-cultured mast cells were cultured as described by
Wang et al. (2006b). At 12th-14th week of culture, HCMC
were harvested and incubated with human myeloma IgE
(1 ug-mL™) for 2 h at 37°C in Iscove’s Modified Dulbecco’s
Medium in a 5% CO, incubator. Sensitized HCMC were
washed with full HEPES buffer (137 mmol-L! NaCl,
5.56 mmol-L! glucose, 12 mmol-L"' HEPES, 2.7 mmol-L!
KCI, 0.4 mmol-L! NaH,PO, and 1 mmol-L™" CaCl, at pH 7.4)
supplemented with 0.03% with human albumin (FHB/HA),
and were then resuspended in pre-warmed buffer. Pre-warmed
HCMC suspension was aliquoted into polystyrene test tubes
(0.5-1.5 x 10* cells/tube) and then incubated with a NO donor
for 0 min or 30 min before being challenged with anti-IgE for
further 30 min at 37°C. In studies investigating the effects of
N-acetylcysteine (NAC) and superoxide dismutase (SOD),
HCMC were incubated with the antioxidant and the NO
donor for 30 min prior to activation with anti-IgE. For study-
ing the effect of NO scavenging, diethylamine NONOate
(DEA/NO) was pre-mixed with 2-(4-carboxyphenyl)-4,4,5,5-
tetramethylimidazoline-3-oxide-1-oxyl (carboxy-PTIO) for
5 min before adding to HCMC at the time of anti-IgE chal-
lenge. Cells incubated with buffer alone served as control for
spontaneous histamine release. Reactions were stopped by
addition of ice-cold buffer followed immediately by centrifu-
gation at 180x g for 5 min at 4°C. Cell pellets and superna-
tants were separated by transferring the supernatant in each
tube to a new tube. Cell pellets were resuspended with dis-
tilled water and 30% perchloric acid was added to both the
supernatants and cell lysates prior to measuring the hista-
mine contents spectrofluorometrically with a Bran+Luebbe
AutoAnalyzer 3. Results were expressed as a percentage of
total cellular histamine release [Histamine release (%)] or a
percentage of the anti-IgE-induced histamine release that
was inhibited in the presence of a NO donor [Inhibition
(%)]. Histamine release (%) was calculated by the equation
[a/(a + b)] x 100% where a is the amount of histamine
released into the supernatant and b is the amount of
histamine remaining in the cell pellet after centrifugation.
The spontaneous histamine release levels of HCMC
before and after sensitization with myeloma IgE were
comparable and were less than 5% of total cellular
histamine.

Fluorimetric detection of NO

Intracellular level of NO was monitored using the fluorescent
NO indicator DAF-FM diacetate. Mast cells seeded on glass
coverslips were incubated with 1 pmol-L™ of DAF-FM diac-
etate in FHB/HA at 37°C for 30 min. Fluorimetric measure-
ments were performed using an Olympus Fluoview FV1000
laser scanning confocal system (Olympus America Inc.,



Melville, NY, USA) mounted on an inverted IX81 Olympus
microscope, equipped with a 20x water-immersion objective
(NA 0.5). Fluorescence intensity excited at 495 nm and
emitted at 515 nm was measured for 5 min. Changes in intra-
cellular NO were expressed as F,/F, ratios where F; and F, was
the fluorescence intensity at a specific time and at the initia-
tion of image recording.

Materials

NaNP, S-nitroso-N-acetylpenicillamine (SNAP), 3-Morpholin-
osydnonimine (SIN-1), (*)-(E)-Ethyl-2-[(E)-hydroxyimino]-5-
nitro-3-hexeneamide (NOR-3), Diethylamine NONOate
(DEA/NO), MAHMA NONOate (NOC-9), and Spermine
NONOate (SPER/NO), human myeloma IgE, superoxide dis-
mutase (SOD) were purchased from Calbiochem (San Diego,
CA). NAC and goat anti-human immunoglobulin E antibody
(epsilon-chain specific) were from Sigma (St. Louis, MO). 2-
(4-carboxyphenyl)-4,4,5,5-tetramethylimidazoline-3-oxide-1-
oxyl (Carboxy-PTIO) was from Merck (Darmstadt, Germany)
and 4-amino-S-methylamino-2’, 7’-difluorofluorescein (DAF-
FM) diacetate was from Invitrogen (Carlsbad, CA).

Statistical analysis

All values are expressed as mean * standard error of the
mean. Significance of the mean differences in each experi-
ment was analysed using Student’s t-test while the differ-
ences between treatment groups were analysed with
two-way ANOVA.

Result

Effects of NO donors on anti-IgE-induced histamine release
in HCMC
Nitric oxide donors were added to IgE-sensitized HCMC at the
time of or 30 min before immunological challenge with anti-
IgE. None of the NO donors affected the spontaneous level of
histamine release (4.9 = 0.7%) even after 60 min of incuba-
tion with HCMC alone. When added simultaneously with
anti-Igk to HCMC, DEA/NO and MAHMA NONOate (NOC-9)
produced significant and dose-dependent inhibition of
anti-IgE-induced histamine release whereas NaNP, S-nitroso-
N-acetylpenicillamine (SNAP), 3-morpholinosydnonimine
(SIN-1), (£)-(E)-Ethyl-2-[(E)-hydroxyimino]-5-nitro-3-hexene-
amide (NOR-3) and spermine NONOate (SPER/NO) all
failed to demonstrate significant effects (Figure 1A). The
inhibitory actions of DEA/NO and NOC-9 were reduced to
non-significant levels when these NO donors were pre-
incubated with HCMC for 30 min prior to anti-IgE challenge
while the other NO donors remained ineffective (Figure 1B).
Further investigations revealed that the inhibitory actions
of DEA/NO and NOC-9 were diminished even after 10 min
pre-incubation with HCMC (Figure 2). At 10 mol-L™,
DEA/NO clearly inhibited anti-IgE-induced histamine release
when added to HCMC at the time of activation but this
inhibition was halved when DEA/NO was pre-incubated for
10 min (P < 0.05) and, after 30 min pre-incubation, no inhi-
bition was observed. As for 10~ mol-L! NOC-9, the level of
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Figure 1 Effects of NO donors on anti-IgE-induced histamine
release from HCMC. Sensitized HCMC were incubated with different
NO donors for (A) 0 min and (B) 30 min and then challenged with
anti-IgE for 30 min to induce histamine release. The levels of anti-
IgE-induced histamine release were between 41 *+ 3 to 55 = 3% for
0 min and 40 = 5 to 48 = 4% for 30 min pre-incubation. Results
were expressed as the percentage of anti-lgE-induced histamine
release that was inhibited in the presence of a NO donor [Inhibition
(%)]. All values are mean * SEM of three to six experiments. *P < 0.05
when the histamine release induced by anti-IgE alone was signifi-
cantly reduced in the presence of the NO donor after comparing the
means of the actual histamine release levels with Student’s t-test.
DEA/NO, diethylamine NONOate; HCMC, human cultured mast cell;
IgE, immunoglobulin E; NaNP, sodium nitroprusside; NO, nitric
oxide; NOC-9, MAHMA NONOate; NONOates, diazeniumdiolates;
NOR-3, (*)-(E)-Ethyl-2- [(E)-hydroxyimino]-5-nitro-3-hexeneamide;
SIN-1, 3-morpholinosydnonimine; SNAP, S-nitroso-N-acetylpeni-
cillamine; SPER/NO, spermine NONOate.
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Figure 2 Time course experiments on inhibitory effects of DEA/NO
and NOC-9. Sensitized HCMC were pre-incubated with (A) DEA/NO
or (B) NOC-9 for 0 min, 10 min or 30 min before challenge with
anti-IgE for 30 min to induce histamine release. Anti-IgE induced 52
+ 2%, 54 + 2% and 53 * 2% of histamine release respectively for
0 min, 10 min and 30 min pre-incubation. Results were expressed as
the percentage of anti-IgE-induced histamine release that was inhib-
ited in the presence of a NO donor [Inhibition (%)]. All values are
mean *+ SEM of three experiments. *P < 0.05, **P < 0.01, ***P < 0.001
for indicating significant difference between the level of histamine
release induced by anti-IgE alone and that in the presence of the NO
donor after comparing the means of the actual histamine release
levels with Student’s t-test. +P < 0.05, ++P < 0.01, for indicating
significant difference between the overall level of inhibition of anti-
IgE-induced histamine release after pre-incubation and that of no
pre-incubation with the NO donor using two-way ANOVA. DEA/NO,
diethylamine NONOate; HCMC, human cultured mast cell; IgE,
immunoglobulin E; NO, nitric oxide; NOC-9, MAHMA NONOate;
NONOates, diazeniumdiolates.
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anti-IgE-induced histamine release was significantly inhibited
only when the NO donor was added at the time of activation
and there was no effect on histamine release following 10 min
and 30 min pre-incubation.

Correlation of NO release with the effects of NO donors

on HCMC

As the suppression of HCMC activation was only observed
with DEA/NO and NOC-9 but not demonstrated by the other
NO donors, we investigated if the difference was due to the
different level of NO released from these compounds at the
time of HCMC activation. SNAP, a commonly used NO donor,
was selected to compare with DEA/NO for their capabilities
in elevating intracellular NO. Confocal microscopy using the
NO sensitive DAF-FM diacetate detected that intracellar NO
in HCMC started to increase at 100 s after addition of
10* mol-L' DEA/NO but no significant change in base-line
fluorescence was observed in cells incubated with SNAP even
after 5 min (Figure 3A).

In order to further confirm that the action of DEA/NO was
related to its ability to release NO, the NO donor was pre-
mixed with the NO scavenger, carboxy-PTIO, before addition
to HCMC. Carboxy-PTIO alone produced no significant effect
on HCMC activation (<10%) and had no effect on the basal
fluorescence in DAF-FM loaded HCMC (Figure 3B,C). Func-
tional study of histamine release indicated that inhibition by
10~ mol-L™' DEA/NO was markedly reduced (P < 0.01) in the
presence of 10° mol-L™! carboxyl-PTIO (Figure 3B), while the
increase in intracellular NO signal following incubation with
DEA/NO was also totally abolished (Figure 3C).

Effects of antioxidants, NAC and SOD, on the actions of NO
donors on HCMC

In order to investigate if the lack of mast cell inhibitory effect
in SNAP and NaNP and if the loss of such action in DEA/NO
after 30 min pre-incubation with HCMC before anti-IgE chal-
lenge were due to the rapid degradation of released NO, we
studied the effects of antioxidants which had been reported to
stabilize NO (likura et al., 1998; Salvemini et al., 1991). NAC,
which stabilizes NO in bioactive forms, and SOD, which pro-
tects NO from superoxide attack, are used in the current
study. In the presence of 5 mmol-L' NAC, the NO donors
(SNAP, NaNP and DEA/NO) could significantly and dose-
dependently suppress activation of HCMC even after 30 min
pre-incubation (Figure 4). In contrast to NAC, the inhibitory
effect of NO donors could not be restored by the presence of
60 U and 100 U SOD (Figure SA-C).

Discussion

Nitric oxide donors have been widely used as surrogate
sources of the gaseous autacoid. While many biological
actions of NO donors are directly related to the cellular
actions of NO mediated through soluble guanylate cyclase
(sGC), there are also frequently reported contradictory in vitro
biological actions due to differences in the NO releasing
mechanisms and the rate of NO release among the different
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classes of NO donors (Napoli and Ignarro, 2003). Moreover,
inconsistencies in the suppressive actions of NO donors on
mast cells have been suggested to be due to variations in the
degrees of purity and phenotypes of mast cells (Coleman,
2002). Our current study employed highly homogeneous

Nitric oxide and human mast cells

KH Yip et al 1283

Figure 3 Correlation of NO release with the effects of NO donors on
HCMC. (A) Detection of intracellular NO level following incubation
with DEA/NO and SNAP. Intracellular NO was monitored in DAF-FM
diacetate-fluorescent dye loaded HCMC. Changes in intracellular NO
were monitored at 2 s intervals for 5 min and expressed as F/F, ratios
where F; and F, was the fluorescence intensity at a specific time and
at the initiation of image recording respectively. The data presented
are mean = SEM of four experiments. (B) Effect of carboxy-PTIO on
the inhibitory action of DEA/NO on HCMC histamine release.
Carboxy-PTIO (10¢ mol-L™") was pre-mixed with 10~ mol-L™
DEA/NO before addition to sensitized HCMC and challenged with
anti-IgE for 30 min for histamine release. Anti-IgE induced the release
of 50 = 4% of total cellular histamine. Results were expressed as the
percentage of anti-IgE-induced histamine release that was inhibited
in the presence of a NO donor [Inhibition (%)]. All values are mean
+ SEM of five experiments. **P < 0.01 indicates that the level of
DEA/NO-induced inhibition is significantly different from that in the
presence of carboxy-PTIO using Student’s t-test. (C) Effect of
carboxy-PTIO (107° mol-L™") on the DEA/NO-induced intracellular
NO increase. Changes in intracellular NO were monitored in DAF-FM
diacetate-fluorescent dye loaded HCMC at 2s intervals for 5 min and
expressed as f1/Fo ratios where fo was the fluorescence intensity of the
initial image during the recording. The data presented are mean *
SEM of four experiments. Carboxy-PTIO, 2-(4-carboxyphenyl)-
4,4,5,5-tetramethylimidazoline-3- oxide-1-oxyl; DAF-FM, 4-amino-5-
methylamino-2’,  7’-difluorofluorescein; DEA/NO, diethylamine
NONOate; HCMC, human cultured mast cell; IgE, immunoglobulin
E; NO, nitric oxide; NONOates, diazeniumdiolates; SNAP, S-nitroso-
N-acetylpenicillamine.

A
<

populations of HCMC which resembled MC; mast cells of
human lungs and thus directly confirmed that NO donors are
capable of inhibiting anti-IgE-induced activation of human
mast cells under appropriate conditions. Furthermore, we
have provided evidence suggesting that the failure of some
earlier reports in observing the inhibitory action of NO
donors on mast cells could be related to the availability of
NO at the time of mast cell activation.

As the mast cell inhibitory effects of DEA/NO and NOC-9
reduced as pre-incubation time was increased, the availability
of NO at the time of mast cell activation became an important
factor to be investigated. Both effective NO donors belong to
the diazeniumdiolates (NONOates) group which differs from
other chemical classes of NO donors by releasing NO sponta-
neously and is independent of biological agents at physiologi-
cal pH with first-order kinetic (Maragos et al., 1991). Among
this group of NO donors, DEA/NO and NOC-9 exhibit rapid
NO release kinetics at physiological conditions with NO
release half-life (f;,) of 2.1 and 1.12 min respectively while
SPER/NO has a much slower rate of release (t;, = 39 min)
(Maragos et al., 1991). NO release profiles, measured electro-
chemically, revealed that DEA/NO demonstrated a quick,
high and short burst NO release, while SPER/NO resulted in a
slow, low but sustained NO liberation (Thomas et al., 2002).
The failure of the slowly NO releasing SPER/NO to demon-
strate the same actions of DEA/NO and NOC-9 on HCMC
suggested that the rate of NO release is crucial to the mast cell
inhibitory actions of NO donors. Similar correlation between
the rates of NO release to their vasorelaxing actions among
different NONOates members had also been reported (Di
Fulvio et al., 2003).

Using a mathematical model, Kavdia and Lewis (2003) dem-
onstrated that a fast releasing NO donor distributed NO more

British Journal of Pharmacology (2009) 156 1279-1286
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histamine release. Results were the percentage of total cellular histamine released after corrections for spontaneous release of not more than
5%. All values are mean * SEM of four to five experiments. Data were analysed with Student’s t-test and significant differences between
histamine release induced by anti-IgE in NO donors with or without NAC are indicated by crosses: +P < 0.05, ++P < 0.01 while those between
histamine release induced by anti-IgE alone and in the presence of NO donors and NAC are indicated by asterisks: *P < 0.05, **P < 0.01.
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Figure 5 The combined effect of SOD and NO donors on anti-IgE-induced histamine release from HCMC. Sensitized HCMC were first
incubated with SOD (60 U or 100 U) and (A) SNAP, (B) NaNP or (C) DEA/NO for 30 min and then challenged with anti-IgE for further histamine
release. Results were the percentage of total cellular histamine released after corrections for spontaneous release of not more than 5%. All values
are mean = SEM of three experiments. DEA/NO, diethylamine NONOate; HCMC, human cultured mast cell; IgE, immunoglobulin E; NaNP,
sodium nitroprusside; NO, nitric oxide; NONOates, diazeniumdiolates; SNAP, S-nitroso-N-acetylpenicillamine; SOD, superoxide dismutase.

evenly in stagnant media at a given time than a slow releasing
NO donor. They proposed that the kinetics of NO release was
in general more important than the total NO released by an
NO donor as the kinetics affected the spatial and temporal NO
exposure levels to cells. Apart from the NONOates, the rates of
NO release by other classes of NO donors are difficult to
predict as their NO release mechanisms are further compli-
cated by biotransformations facilitated by enzymes or other
cofactors or both (Napoli and Ignarro, 2003). In accordance
with previous studies using chemiluminescence (Morley et al.,
1993) or electrochemical detection (Wink et al., 1996) which
showed that DEA/NO produced an immediate and high NO
output as compared with NaNP and SNAP, a significant
increase of fluorescence signal was detected in DAF-FM loaded
HCMC after incubation with DEA/NO for 100 s in the current
study but not SNAP. The observation provided direct evidence
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for NO released from DEA/NO entering HCMC immediately.
The importance of this intracellular NO increase in the
control of mast cell activation was confirmed by the suppres-
sion of the DEA/NO-induced mast cell inhibition and
increased intracellular NO, by the specific NO scavenger,
carboxy-PTIO.

As inhibition of anti-IgE-induced histamine release was
observed only when significant amounts of NO were present
at the time of mast cell activation, we hypothesized that the
failure of most NO donors to demonstrate inhibitory action
on mast cells was due to the rapid degradation of NO released
by the donors. NO has a short half life and decomposes into
other nitrogen oxides (NO, and NOj;). NO availability in
biological systems is further decreased by reactive oxygen
species (ROS) (Steiner etal., 2002; Swindle and Metcalfe,
2007) which rapidly react with NO to form RNOS, such as



ONOO™ (Swindle and Metcalfe, 2007). By reducing the inac-
tivation of NO, NAC and SOD potentiate the actions of NO
donors in many systems, such as anti-aggregation of human
platelets (Anfossi etal.,, 2001), attenuation of ischemia-
reperfusion injury in rat kidney (Dobashi et al., 2002), cardio-
protection of ischaemic attack of guinea pig heart (Masini
et al., 1999) as well as inhibition of histamine release in RPMC
(Tikura et al., 1998). Although NAC (2.5-10 mmol-L™) alone
was reported to inhibit anti-IgE-mediated exocytosis in RBL-
2H3 cells by inhibition of Syk kinase (Valle and Kinet, 1995),
NAC at 5 mmol-L™" alone did not modulate HCMC activation
in our current study (result not shown). Instead, our results
agreed with a previous report by likura et al. (1998) on RPMC,
that NAC augmented the ability of NO donors to suppress
immunologically induced histamine release. In contrast, SOD
was not effective in supporting the inhibitory actions of NO
donors on HCMC. As SOD reduces NO inactivation primarily
by interfering with the formation of ROS, the ineffectiveness
of SOD thus suggests that ROS are not a factor for the failure
of NO donors to suppress mast cell activation. NAC is believed
to prolong the action of NO by enhancing the bioconversion
of nitrates to NO and by forming stable S-nitrosothiols. It has
been reported that in the plasma, NO can easily react with
albumin to form high molecular weight S-nitrosothiols
(S-NO-albumin), which release NO directly and serve as a
buffer and reservoir of relatively stable NO (Scharfstein et al.,
1994). NAC, being a low molecular weight thiol, can com-
pete for NO with albumin to form low molecular weight
S-nitrosothiols by transnitrosation rapidly and completely
in vivo under physiological conditions (Bisseling et al., 2004).
These smaller, less diffusion-limited NO adducts can then
contribute to a progressive release of NO which enhances the
beneficial roles of endogenously produced NO in the vascu-
lature (Stamler et al., 1992). NAC has been demonstrated to
interact with NO to form a NO donor (S-nitroso-N-cysteine)
which acts as an sGC activator and such interaction was
implicated in the modulation of platelet function by NAC
(Anfossi et al., 2001). Accordingly, the reduced conversion of
NO to nitrogen oxides and the formation of low molecular
weight S-nitrosothiols together allow substantial level of func-
tional NO adducts to accumulate over 30 min which then
interfere with the activation of HCMC in a similar fashion to
the immediate elevation of NO level mediated by the rapidly
releasing NO donors, when added together with anti-IgE.
Taken together, our current study demonstrates that the
effectiveness of an NO donor in inhibiting mast cell activa-
tion is closely related to the rate of NO release from the donor.
NO donors with rapid rates of spontaneous NO release
increase NO to a level that is critical for HCMC inhibition
during anti-IgE activation. Inconsistency in previous studies
may be due to the differences in experimental protocols and
conditions which affected the NO availability in the system.
Furthermore, intrinsic differences in the different mast cell
models employed and the diverse mechanisms of actions
expressed by different NO donors may also be contributing
factors. For instance, in contrary to our observations, the slow
release NO donor, S-nitrosoglutathione (SNOG), was reported
to significantly inhibit leukotriene C; release from human
mast cell-like LAD-2 cells after 30 min pre-incubation
(Gilchrist et al., 2004). Apart from the intrinsic differences
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between the two human mast cell models, the discrepancy
between these two studies may be due to the different mecha-
nisms of actions of the NO donors employed. Our results are
in line with the suggestion of Gordge et al. (1998) that the
close relationship between NO release kinetics of NO donors
and their biological actions, such as inhibition of platelet
aggregation in this case, would indicate a cGMP-dependent
mechanism. These authors, however, observed in the same
study that the platelet inhibitory potency of SNOG did not
correlate with its slow rate of NO release and further demon-
strated that SNOG was capable of activating a cGMP-
independent mechanism that involved both copper (I) ions
and surface membrane thiol groups. Inhibition of LAD-2 cells
by SNOG is thus possibly through this alternative mecha-
nism. Further studies obviously are required to confirm our
speculation. The current study further provides a better
understanding of how NO can produce beneficial effects in
the pathogenesis of inflammatory responses through the inhi-
bition of mast cells. Moreover, we demonstrated that low
molecular weight thiol containing compounds such as NAC
could be used to facilitate the anti-inflammatory actions of
NO and thus could be used for developing effective anti-
inflammatory molecules for the clinical management of
inflammatory diseases such as asthma.
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