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Abstract

We have studied the effect of nitric oxide (NO) and hydrogen peroxide (H,0O,), two reactive oxygen species (ROS) on histamine release
(HR) from RBL-2H3 cells, a rat mucosal-type mast cell line. Marked HR was elicited by antigen (DNP-HSA), calcium ionophore A23187,
sodium fluoride or phospholipase C, but not with compound 48/80 or 1,2-dioctanoyl-sn-glycerol. The NO-synthase substrate L-arginine and
its inactive enantiomer (p-arginine), each on its own, induced a small but significant increase in HR above the basal level. However, the
NO-donors (sodium nitroprusside or NaNOy) or the NO-synthase inducer lipopolysaccharide did not induce HR. Moreover, methylene blue
(MB), which inhibits guanylate cyclase and N“-nitro-L-arginine (L-NA), an inhibitor of NO synthase, were also without effect on either the
basal HR or the L-arginine-induced HR. HR induced by A23187, DNP-HSA, sodium fluoride or phospholipase C was markedly reduced
by MB, but mildly by L-NA (both at 1-100 uM). H,0, (0.01-1.0 mM) on its own did not induce HR, but it had a potent inhibitory effect
on DNP-HSA- or A23187-induced HR, which was not reversed by L-NA (1-100 wM). Taken together, it seems that neither the stimulatory
nor the inhibitory effects of the NO-related compounds on HR can be attributed to NO, but rather to other mechanisms. The inhibition of
HR by H,O, aso does not involve NO and suggests a negative feedback regulatory role for the peroxide in the allergic inflammation.

© 2001 Elsevier Science Inc. All rights reserved.
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1. Introduction

Nitric oxide (NO), biologically generated from L-argi-
nine, is a simple and diffusable molecule of free-radical
nature. By acting as an intracellular and intercellular mes-
senger, NO isinvolved in the modulation of various cellular
functions such as inhibition of platelet aggregation, relax-
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neal mast cells; and SNP, sodium nitroprusside

ation of vascular smooth muscle, activation of K *-channels,
modulation of immune response, and others [1-4]. H,0,
stimulated NO synthase activity in cultured endothelial cells
[5], and at low concentrations, it strongly enhanced the
inhibitory effect of NO on platelet aggregation [6]. H,O,-
induced leukocyte rolling (acute inflammatory response)
was inhibited by NO, which functioned as an endogenous
antioxidant in this case [7]. H,O, and sodium nitroprusside
(a NO donor) synergistically induced neutrophil adherence
to cultured human endothelial cells[8]. These findings pro-
vide evidence that NO may interact with H,O, to modulate
cellular activity.

H,0O, belongs to the reactive oxygen species (ROS) and
is produced as a byproduct of many cellular reactions. It is
considered as an inter- and intracellular signaling molecule
[9], and it can modify signal transduction in anumber of cell
systems [10]. H,O, modulates protein phosphorylation, po-
tassium channel function, and possibly G-protein activity
[11,12]. It also stimulates the production of prostaglandins
and leukotrienes [13,14] as well as NO formation and ac-
tivity [5,6]. It causes intracellular adenosine 5’-triphosphate
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(ATP) depletion and increases in intracellular free calcium
concentration [Ca?*]; which may underlie its action [12].

Ohmori et al. [15] reported that H,O, (0.05-0.1 mM)
induced histamine release (HR) from rat peritoneal mast
cells (RPMC) without causing cell lysis. Ogasawara et al.
[16] showed that H,O, was a weak stimulant of HR from
human basophils. Another group of workers[17] found that
at 0.02—0.2 mM, H,0, did not cause HR from rat basophilic
leukemia cells [RBL-2H3, a tumor analog of rat mucosal
mast cells (MC)], but at 2 mM it inhibited serotonin release
induced by oligomerized IgE or A23187, without affecting
cell membrane integrity. In another study, it was found that
H,0, (0.01-1.0 mM, non-cytotoxic) produced marked in-
hibition of HR induced by anti-IgE, compound 48/80,
A23187, or sodium fluoride from RPMC [18].

Asin the case of H,0, discussed above, recent attempts
to clarify the role of NO in HR from MCs have produced
contradictory results. Some researchers showed that NO had
an inhibitory action on spontaneous and stimulated HR from
rat and mouse peritoneal MCs [19,20], whereas others
found that NO did not have any effect [21,22]. It is also not
clear whether NO is involved in the action of H,O, as
shown in other cell systems.

In the present study, we investigated the effects of NO-
related compounds on spontaneous and stimulated HR from
RBL-2H3 cells. The compounds we used were N“-nitro-L-
arginine (L-NA), an NO synthase inhibitor; methylene blue
(MB), an inhibitor of guanylyl cyclase; bacteria lipopoly-
saccharide (LPS), an inducer of NO synthase; sodium ni-
troprusside (SNP) and NaNOg, NO donors; L-arginine, sub-
strate for NO production; and p-arginine, the inactive
enantiomer of L-arginine. A wide range of secretagogues,
each with a different mode of action, was chosen. These
included the antigen dinitrophenol-human serum abumin
conjugate (DNP-HSA) and concanavain A (Con A), as
immunological stimulants, and the positively charged poly-
amine compound 48/80 and calcium ionophore A23187, as
non-immunological stimulants. Other stimulants were so-
dium fluoride (NaF, a G-protein activator), phospholipase C
(PLC), and 1,2-dioctanoyl-sn-glycerol [DiC8, a synthetic
1,2-diglyceride, which is a protein kinase C (PKC) activa-
tor], al of which are known to be involved in the signal
transduction pathways leading to the HR from RBL-2H3
cells [23,24]. The effect of H,O, on basal and stimulated
HR in the absence and presence of NO synthase inhibitor
was also studied to determine whether NO isinvolved in the
action of H,0,.

2. Materials and methods
2.1. Materials and buffer solutions
Modified Tyrode solution was made up in deionized, dis-

tilled water and consisted of (mM): NaCl 137, KCl 2.7, N-(2-
hydroxyethyl)piperazine-N’'-ethanesulfonic acid (HEPES)

10, glucose 5.6, CaCl, 1.0, MgCl,, 1.0, and NaH,PO, 0.4.
Bovine serum albumin (BSA, 0.05%) was added to the
Tyrode solution to prevent adsorptive loss of the antigen
DNP-HSA. The solution was adjusted to pH 7.4 by the
addition of NaOH. The buffer used for RBL-2H3 cell cul-
ture had the following composition: S-minimal essential
medium (MEM) supplemented with 10% fetal calf serum
(FCS), 2 mM glutamine, 100 U/mL penicillin, and 100
wg/mL  streptomycin. Trypsin-ethylenediaminetetraacetate
(EDTA) solution for trypsinization of RBL-2H3 cells con-
tained 0.05% porcine trypsin and 0.02% EDTA in cacium-
and magnesium-free phosphate buffered saline (PBS). Gen-
eral chemicals were from British Drug Houses/Merck Ltd.,
Poole, Dorset, UK. HEPES (free acid), trypsin, 0.02%
EDTA solution, 200 mM L-glutamine solution, penicillin
(10,000 U/mL)-streptomycin (10 mg/mL) solution, 0.4%
trypan blue solution, BSA, DNP-specific monoclonal mouse
IgE antibody, DNP-HSA, H,0,, dimethyl sulphoxide
(DMSO0), and o-phthaldialdehyde were all obtained from
Sigma (Poole, Dorset, UK). FCS, PBS (without calcium and
magnesium) and SSMEM were supplied by Gibco (Paisley,
UK). Except for A23187 (from Calbiochem, Nottingham,
UK), Con A, compound 48/80, NaF, PLC (Type | from
Clostridium perfringens), DiC8, L-NA, MB, LPS (Esche-
richia coli), NaNOg, SNP, L-arginine, and p-arginine were
al from Sigma.

All NO compounds and secretagogues were made up in
Tyrode solution or 0.9% saline, except L-NA, A23187, and
DiC8, which were dissolved in DMSO. The final maximum
concentration of DMSO (=0.1%) did not affect the cell
response or histamine assay. L-arginine and p-arginine so-
lutions were adjusted to pH 7.4 before use. Neither H,O,
(prepared immediately in Tyrode solution before experi-
ments) nor NO-related compounds at the concentrations
used interfered with the histamine assay.

2.2. Preparation of RBL-2H3 cells

RBL-2H3 cells were placed in a 250 mL tissue culture
flask and maintained in monolayer culture in SMEM sup-
plemented with 10% FCS, glutamine (2 mM), penicillin
(100 U/mL), and streptomycin (100 ug/mL) at 37°C in a
humidified atmosphere with 5% CO,-95% air. To harvest
the adherent cells, the culture medium was discarded, and
the monolayer cell culture was washed with Ca?*-Mg?*—
free PBS; trypsinization was then carried out by adding 5
mL of trypsin-EDTA solution into the culture flask and
leaving it at 37° for 5 min. After thistime interval, the flask
was tapped to release the cells from its base. The cell
suspension was centrifuged at 225 X g for 3min at 4°. The
cell pellet was resuspended in fresh SMEM. For passively
sensitizing the cells, an aliquot (0.5 mL) containing 3 X 10°
cellsin fresh SMEM was placed in each well of a 24-well
tissue culture plate and incubated with DNP-specific mono-
clonal mouse IgE antibody (0.5 wg/mL) overnight. To pre-
pare RBL-2H3 cellsfor future experiments, the resuspended
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cells, obtained as described previously, were subcultured
into a tissue culture flask containing fresh supplemented
S-MEM, alowing for a doubling time of 24 hr to produce
confluent culture at the time of harvesting and allowing at
least 2 more days of culture before further trypsinization.

2.3. Histamine release from RBL-2H3 cells

The non-immunological stimulants, including compound
48/80, NaF, PLC, A23187, and DiC8 were tested on non-
sensitized cells, whereas passively sensitized cells were
used with DNP-HSA or Con A stimulation. On the day of
the experiment, the passively sensitized cells or non-sensi-
tized cells were washed twice with BSA (0.05%)-Tyrode
buffer and then pre-incubated with the same buffer for 5
min at 37° before use. Aliquots (0.1 mL) of NO synthase
inhibitor, NO donor, H,O,, or stimulant a 10 times the
intended concentrations were added to the wells containing
0.5 mL of the cell suspension and an appropriate amount of
BSA-Tyrode buffer so that the final volume in the well was
1 mL. The reaction was allowed to proceed at 37° for the
designated time before it was stopped by the addition of 1
mL of ice-cold Tyrode buffer. The sample plate was imme-
diately centrifuged (225 X g, 3 min, 4°). The supernatant
from each well was pipetted into a fresh, correspondingly
labeled test tube containing 0.2 mL of 4 M perchloric acid.
Tothe cell pellet, 2 mL of 0.4 M perchloric acid was added.
These samples, after centrifugation, were then assayed for
histamine content spectrofluorometrically. Histamine re-
lease was expressed as the percentage of the total amount of
histamine originally present in the cells (i.e. total amount =
amount in supernatant + amount in cell pellet). In the
inhibition experiments, the results were expressed as the
percentage inhibition of the control release (i.e. the stimu-
lated release in the absence of the inhibitor). All the results
were corrected for the spontaneous release.

Statistical analysiswas carried out by means of Student’s
t-test, and P values of <0.05 were considered significant.

2.4. Determination of cell viability and density

The dye-exclusion method was used to determine cell
viability. Equal volumes of trypan blue solution (0.25% wi/v
in PBS) and cell suspension were mixed together, and a
small volume of the mixture was added to a Neubauer
hemocytometer. The numbers of living unstained cells and
the dead stained cells were counted and the cell viability (%
living cells) calculated. The cell density (number of cells/
mL) of the cell suspension was calculated from the number
of cells present in a known volume of the hemocytometer.
The RBL-2H3 cells used for the present work had 98%
viability.

3. Results

3.1. Histamine release by various secretagogs

Fig. 1 shows that the calcium ionophore A23187 (0.1-
100 uM), NaF (10—40 mM), PLC (46-184 X 103 mU/
ml), Con A (5-40 wg/mL), and the antigen DNP-HSA
(1-1000 ng/mL) induced dose-related HR from RBL-2H3
cells. The stimulatory effect of these secretagogs was
marked and highly significant, with HR showing a net
increase of up to 70% above basal level (ca 10%, in the
presence of buffer alone) with A23187, PLC, and NaF, and
50% with Con A and the antigen DNP-HSA. A much
smaller net increase in HR (15%) was induced by DiC8
(15-30 uM). Compound 48/80, a traditional histamine re-
leaser that activates connective tissue MCs but not mucosal
MCs, did not induce any HR (results not shown).

3.2. Effect of NO releasing agents on basal HR

The results in Fig. 2A show that both L-arginine and
p-arginine (0.01-2 mM) produced adose-related increase in
net HR of up to 50% (at an arginine concentration of 2 mM).
The NO-synthase inhibitors, MB or L-NA (at 0.001, 0.01,
and 0.1 mM), further increased HR from cells treated with
L-arginine (Fig. 2B), but this increase was not significant.
Similar results were obtained with p-arginine (not shown).
It should be pointed out that MB or L-NA at the concen-
trations used had little and nonsignificant effects by them-
selves.

The NO donors, SNP (0.001, 0.1, 1.0 mM, 30 min
incubation), NaNO; (0.01, 0.1, 1.0 mM, 30 min incubation),
and the NO synthase inducer LPS (1, 10, and 100 pg/mL,
60 min incubation) did not have a significant histamine
releasing effect (results not shown).

3.3. Effect of MB and L-NA on stimulated HR

Fig. 3A shows that MB (1-100 wM) inhibited HR in-
duced by NaF, A23187, PLC, or DNP-HSA in a dose-
related manner. The inhibitory effect of MB at 100 uM on
stimulated HR (by each of the four stimuli) was significant
(P < 0.05), inhibition reaching 60% (P < 0.01) of NaF-
induced HR. It can be seen from Fig. 3B that L-NA pro-
duced a mild and dose-related inhibition of stimulated HR.
The effect of L-NA was only significant at the higher
concentration of 100 uM, which produced an inhibition of
22% and 27% with A23187 and NaF, respectively (P <
0.05). MB or L-NA by themselves had no effect on basal
HR.

3.4. Effect of L-NA on H,O, inhibition of stimulated HR
Basal (spontaneous) HR from cells suspended in buffer

was 5.1 = 0.6 (N = 3). When H,0, was added to the buffer
at 0.01,0.1, and 1.0 mM, HRwas 4.9 + 1.0,5.5 = 1.2, and
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Fig. 1. Effect of various secretagogs on HR from RBL-2H3 cells. (A) A23187 (0.1-100 uM, 15 min incubation); (B) NaF (10—40 mM, 30 min incubation);
(C) PLC (46 X 103184 X 103 mU/mL, 30 min incubation) or Con A (5-40 ug/mL, 30 min incubation); (D) DNP-HSA (1-1000 ng/mL, 15 min
incubation). Each point represents mean = SEM (N = 3—4 experiments, each with triplicate samples) of HR (%). Spontaneous HR (less than 10%) has been

subtracted.

6.9 = 1.2 (N = 3), respectively. It is thus clear that H,O,
did not affect unstimulated HR. H,O, at those concentra-
tions aso had no effect on cell viability.

Fig. 4A shows that H,O, (0.01, 0.1, and 1.0 mM) inhib-
ited DNP-HSA or A23187-induced HR significantly and
dose dependently. At 1.0 mM, H,O, induced a 85% inhi-
bition of A23187-stimulated HR compared to that of 75%
with DNP-HSA as a stimulant. H,0, (0.01-1.0 mM) was
aso apotent inhibitor of HR induced by Con A (results not
shown). It can be seen from Fig. 4B that the NO synthase
inhibitor, L-NA, had no significant effect on the inhibition
of A23187 or DNP-HSA-stimulated HR by H,O, (0.1
mM).

4, Discussion

Histamine plays a role in the generation of alergic in-
flammation and the immediate hypersensitivity reactions,
including asthma and anaphylaxis [23]. In recent years,
RBL-2H3 cells have been used extensively to study the
signal transduction pathways leading to the activation of

MCs and HR. Stimulation of RBL-2H3 cells with antigen
(or A23187) increases PLC activity, resulting in phospha-
tidylinositol hydrolysis. This in turn leads to the generation
of second messengers such as inositol-1,4,5-triphosphate
(IP3), which releases intracellular calcium, and diacylglyc-
erol (DAG), which activates PKC. These second messen-
gers initiate a cascade of biochemical activities and even-
tually HR. The exact mechanisms are as yet not clear, but it
is thought that G proteins might be involved [24]. In the
present study, we have shown that DNP-HSA, Con A, NaF,
PLC, and A23187 induced marked and significant HR from
RBL-2H3 cells. It is interesting to note that NaF and PLC
applied exogenously can stimulate HR from RBL-2H3
cells, and this may be considered as supporting evidence
that PLC and G proteins areinvolved in HR from RBL-2H3
cells.

The present results show that in RBL-2H3 cells both MB
and L-NA inhibited HR induced by DNP-HSA, NaF, PLC,
and A23187. The effect of MB was marked, especialy in
the case of NaF stimulation. These results may be taken to
suggest arole for NO (probably generated in the process) in
the stimulation of HR by those secretagogues, a process that
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Fig. 2. Effect of L-arginine, p-arginine, MB, and L-NA on HR from RBL-2H3 cells. (A) Cells were incubated with L-arginine or p-arginine (0.01-2.0 mM
for both) for 30 min. (B) Cells were incubated with L-NA or MB (0.001-0.1 mM for both) for 30 min prior to the addition of L-arginine (2.0 mM) for a
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spontaneous release (<10%). Asterisks denote a significant increase in release compared to the spontaneous release (* P < 0.05, *** P < 0.001, Student’s

t-test).

appears to be abrogated by the inhibition of NO synthesis or
action. However, more experimental work is needed to
clarify whether inducers of HR from MCs have stimulatory
effects on NO production and cyclic guanosine 3',5" mono-
phosphate (cGMP) formation. MB inhibits guanylyl cy-
clase, which is reguired for cGMP formation and is gener-
ally considered as the target enzyme by which NO mediates
most of its effects [25]. In the present study, L-arginine was
found to stimulate HR from RBL-2H3 cells, and its effect
was not antagonized by MB or L-NA. Similar results were
obtained with p-arginine, the inactive enantiomer of L-argi-
nine. This finding together with the lack of effect of the NO
donors (SNP and NaNO;) and NO synthase inducer (LPS)
provide some evidence against NO playing asignificant role

in HR from RBL-2H3 cells. The inhibitory effect of MB on
stimulated HR (by secretagogues) and the stimulation of HR
by L-arginine may involve mechanisms unrelated to NO.
NO-related compounds have other activities, e.g. MB has
been shown to induce the generation of a superoxide anion
that might affect HR by inactivating NO [26]. L-NA is
known to act like an antagonist at muscarinic receptors [27].
Both L-arginine and p-arginine are good scavengers of hy-
droxyl radicals [28]. Arginine may have a non-specific pH
effect that could contribute to the increase of NO release
[29].

Our results and the conclusion we can draw from them
are in agreement with those of Koranteng et al. [30], which
were reported while this paper was being prepared. These
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respectively. Asterisks denote a significant inhibition compared to the
control release (induced release in the absence of MB and L-NA) (* P <
0.05, ** P < 0.01, Student’s t-test).

authors found that S-nitrosoglutathione (an NO donor) did
not inhibit serotonin release induced by antigen (DNP-
HSA) or ionophore A23187 in RBL-2H3 cells and con-
cluded that this cell type was resistant to NO.

It seems clear from the present study that the NO syn-
thase inhibitor L-NA did not reverse the inhibitory effect of
H,0O, on HR induced by DNP-HSA or A23187, suggesting
that the inhibition of stimulated HR by H,O, isnot mediated
by NO. Very little is known about the interaction of ROS,
such as H,O, and NO, in relation to HR from MCs. In one
study it was shown that N*-nitro-L-arginine-methyl ester
(L-NAME, a NO synthase inhibitor) caused a significant
enhancement of both HR and generation of intracellular
ROS in RPMC stimulated with antigen or compound 48/80,
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Fig. 4. Effect of L-NA on H,0, inhibition of stimulated HR from RBL-
2H3 cells. (A) Cells were pre-incubated with H,0, (0.01-1.0 mM) for 30
min prior to the challenge with DNP-HSA (10 ng/mL, 15 min) or A23187
(2 M, 15 min). (B) In another series of experiments, cells were pre-
incubated with L-NA (0.01-1.0 mM) for 30 min, followed by a further 30
min incubation with H,O, (0.1 mM), and then challenged with DNP-HSA
(20 ng/mL, 15 min) or A23187 (1.0 uM, 15 min). The results are expressed
as mean = SEM (N = 3 experiments, each with triplicate samples) of
inhibition of HR (%). Stimulated HR (%) in the absence of L-NA and H,O,
was 45 + 5 and 39 = 4%, with DNP-HSA and A23187, respectively. All
the results have been corrected for spontaneous release (<10%). Asterisks
denote a significant inhibition compared to the control HR (* P < 0.05, ***
P < 0.001, Student’s t-test).

suggesting that NO and possibly other ROS generated dur-
ing MC activation may cause feedback inhibition of HR
[31].

The present results show that in RBL-2H3 cells H,0,
(0.01-1.0 mM), which did not cause HR on its own, pro-
duced a dose-related inhibition of HR induced by antigen
(DNP-HSA) or the calcium ionophore A23187. Our find-
ings are in agreement with those of Peden et al. [17], who
found that H,O, inhibited serotonin release from RBL-2H3
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cells. However, our results in RBL-2H3 cells (this paper)
and RPMC [18] did not agree with those of Ohmori et al.
[15], who claimed that H,O, stimulated HR from RPMC. It
is possible that the difference in experimental conditions
may account for the discrepancy. The concentrations of
H,0, producing inhibition of HR were not cytoxic and did
not compromise cell viability. It is thought that H,O, might
exert its effect intracellularly by affecting inositol phosphor-
ylation, ATP levels, and calcium homeostasis [12,17,18].

H,0, isasmall, uncharged molecule that is able to cross
the cell membrane to act intracellularly and intercellularly.
It is produced during normal cellular metabolism, and mi-
tochondria are considered the major cellular site for its
production. Although H,O, is considered as a cytotoxic
agent, particularly at high concentrations, it is not very
reactive. The reported concentrations of H,O, in human
plasma varied from close to zero to up to 35 uM [9], and
high levels seemed to be associated with inflammatory con-
ditions, vascular disease, and oxidative stress. Increased
levels of H,O, in exhaled air have been found in inflam-
matory lung disease, smoking, and asthma [9,32]. High
levels of H,O, (reaching up to ~110 uM) were also de-
tected in urine and ocular fluids [9]. Thus, in tissue, blood,
or other body fluids H,O, may reach levels close to those
that produce significant inhibition of HR from RBL-2H3
cells. Furthermore, it has been shown that during stimula-
tion of RPMC by anti-IgE, compound 48/80, or the iono-
phore A23187, ROS (presumably including H,O,) are re-
leased alongside histamine [33]. H,O, thus generated might
inhibit further MC activation, HR, and ROS generation, i.e.
exert a negative feedback inhibitory effect and limit the
inflammatory process. The feedback regulatory role of
H,0, in inflammation may take a more subtle and indirect
form and may involve cells other than MCs and mediators
other than histamine. This setting is exemplified by the
ability of H,O, to inhibit the production of platelet activat-
ing factor, a potent inflammatory mediator, by endothelial
cells [10,34].

Although there is some evidence against NO playing a
significant role in the induction or modulation HR from
RBL-2H3 cells and RPMC, it may have such arole in the
release of other mediator groups, such as leukotrienes and
cytokines. Furthermore, cytokines and leukotrienes that are
released from a wide variety of cells, including MCs, may
modulate MC function through their influence on NO or
H,O, generation. It has been shown that interferon-y gen-
erated from mouse spleen cells inhibits serotonin release
from mouse peritoneal MCs[35]. It was later found that this
inhibition is mediated via the synthesis of NO, with non-
MCs in the peritonea cell population being the major
source [20]. It is aso interesting to note that in RPMC,
IL-18 stimulates NO synthesis along with inhibition of HR,
suggesting the possible involvement of NO in the inhibition
of HR [36].
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