
Research Paper

Mediators of Inflammation 4, 406-412 (1995)

THE mechanism by which phagocytosed mast cell
granules (MCGs) inhibit macrophage superoxide
production has not been detmed. In this study,
rat peritoneal macrophages were co-incubated
with either isolated intact MCGs or MCG-sonicate,
and their respiratory burst capacity and mor-
phology were studied. Co-incubation of macro-
phages with either intact MCGs or MCG-sonicate
resulted in a dose-dependent inhibition of super-
oxide-mediated cytochrome c reduction. This
inhibitory effect was evident within 5 rain of
incubation and with MCG-sonicate was com-
pletely reversed when macrophages were washed
prior to activation with PMA. In the case of intact
MCGs, the inhibitory effect was only partially
reversed by washing after a prolonged co-incuba-
tion time. Electron microscopic analyses revealed
that MCGs were rapidly phagocytosed by macro-
phages and were subsequently disintegrated
within the phagolysosomes. Assay of MCGs for
superoxide dismutase (SOD) revealed the
presence of significant activity of this enzyme. A
comparison of normal macrophages and those
containing phagocytosed MCGs did not reveal a
significant difference in total SOD activity. It is
speculated that, although there was no significant
increase in total SOD activity in macrophages
containing phagocytosed MCGs, the phagocy-
tosed MCGs might cause a transient increase in
SOD activity within the phagolysosomes. This
transient rise in SOD results in scavenging of the
newly generated superoxide. Alternatively, MCG
inhibition of NADPH oxidase would explain the
reported observations.
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Introduction

Macrophages exhibit a wide array of immuno-
logical functions. These include participation in
the natural resistance against microorganisms,
inhibition of tumour cell proliferation and regula-
tion of the immune system via antigen presenta-
tion and cytokine production.1’2 One of the
active mechanisms by which macrophages kill
microorganisms is by producing reactive oxygen
radicals.-6 When phagocytic cells encounter
immunoglobulin G coated organisms or identig/
certain soluble agents of the pathogen, they
undergo respiratory burst and generate super-
oxide and other reactive oxygen metabolites.7

Although production of superoxide and the
metabolites such as H202 and hydroxyl radicals
are key steps in the oxidative damage of the
invading pathogens, over-production of these
radicals can damage the host tissues.8 In order to

protect the host cells from any unwarranted oxi-
dative destruction, the cells themselves are pro-
vided with anti-oxidant enzymes such as
superoxide dismutase (SOD), catalase and glu-
tathione peroxidase. In the event of unchecked
production of reactive oxygen radicals, the
scavenging enzymes present in the host cells may
be insufficient for protection. Under such cir-
cumstances, cell to cell communication and
translocation of the detoxifying components
between cell types may be vital for the integrity
of the tissues. In this study, we investigated
whether such a co-operative phenomenon for
the regulation of reactive oxygen metabolism
exists between mast cells and macrophages.

Previous reports from this laboratory have
shown that degranulating mast cells and isolated
mast cell granules (MCGs) could rapidly interact

910 11with macrophages’ and eosinophils and
inhibit superoxide-mediated cytochrome c reduc-
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tion. Two explanations for the inhibitory effect 2 ml of 0.34 M sucrose and centrifuged at 50 x g
of MCGs are possible: (a) decreased generation for 10 min at 4C. The upper layer containing
of superoxide resulting from the inhibition of the mast cell granules was collected and centrifuged
respiratory burst enzyme NADPH oxidase; or (b) at 1800 x g for 20 min at 4C. The resulting
enhanced scavenging of the generated super- pellet consisting of a homogeneous preparation
oxide by the MCG components. The present of granules was washed twice with EDTA-TG
study was undertaken as an attempt to unravel and resuspended in a suitable volume of TG.
the mechanism of inhibition on macrophage The recovery of mast cell granules isolated by
superoxide production by mast cell granule com- this procedure ranged from 50% to 70% on the
ponents, basis of the histamine content of the starting

mast cells. MCG-sonicate, the disrupted MCGs,
was prepared from MCG by sonicating 2 x 20s

Materials and Methods at maximum power.

Animals: Two- to 3-month old male Sprague- Superoxide production.. Superoxide production
Dawley rats (SASCO, Omaha, NE)were used for was assayed by means of the superoxide dis-
harvesting serosal mast cells and macrophages, mutase-sensitive reduction of cytochrome c5 with
The animals were housed in microbarrier cages minor modifications.’16 The reaction mixture
with free access to food (Purina rodent chow) contained 2-3 million macrophages, 50nmol
and purified water. They were euthanized using cytochrome c, and when present, the indicated
Metophane prior to lavage of the thoracic and concentrations of MCGs or MCG-sonicate, in a
peritoneal cavities, final volume of i ml TG or Hank’s balanced salt

solution (HBBS). Control assays contained 250
Collection and isolation of macrophage and units of superoxide dismutase in addition to the
mast cells.. Macrophages and mast cells were col- standard ingredients. The ingredients were pre-
lected from the serosal cavities of rats by lavage incubated for 5 min at 37C and macrophage
of the peritoneal and thoracic cavities of each superoxide production was initiated by addition
animal with 15 ml Tyrode’s buffer containing of phorbol myristate acetate (PMA, 200ng/ml).
0.1% gelatin (TG) and 50g/ml heparin.- The superoxide-mediated cytochrome c reduc-
The serosal cells from all animals were pooled tion was measured by monitoring the absor-
and sedimented by centrifugation at 400 x g for bance at 550nm on a Beckman DU 70
15 min at room temperature. The cells were spectrophotometer.
washed twice with TG and resuspended in TG.
Two-ml cell suspensions (between 6 to 8 x 107
cells) were layered on 4ml of 22.5% (w/v) metri-
zamide (density 1.125g/ml) and centrifuged at
200 x g for 15 min. The macrophages at the
interface were collected, washed twice, and then
resuspended in TG. Macrophages isolated in this
manner had little or no contamination with mast

Superoxide dismutase activity: Superoxide dis-
mutase activity in MCG extract was assayed as
described previously.’r The assay system con-
tained 50mM of potassium phosphate (pH 7.8),
0.1 mM xanthine, 0.02mM cytochrome c, 0.1 mM
EDTA, xanthine oxidase sufficient to generate an

cells. The mast cells in the pellet were collected, absorbance change of 0.035 to 0.04 per min, and
selected doses of MCG extract or commercialwashed twice, and resuspended in calcium- and

magnesium-free TG containing 2.5mM EDTA.
Mast cells isolated by this procedure exceeded
90% in purity and viability.

Preparation of MCG and MCG-sonicate: MCGs
were prepared from mast cells by controlled

SOD in a final volume of 1.0 ml. After 5 min pre-
incubation at 30C the reaction was started by
addition of xanthine oxidase and the superoxide-
mediated cytochrome c reduction was con-
tinuously monitored at 550nm for 5 min on a
Beckman DU 70 spectrophotometer.

sonication and sucrose gradient centrifugation as
described previously.4’r5 Briefly, purified ma+st Protein assay: Protein contents were quantified

2 2cells were suspended in 2 ml Ca and Mg by employing BCA protein assay kit from Pierce

free TG containing 2.5mM EDTA (EDTA-TG). Chemical Co, (Rockford, I1).
The cell suspension was sonicated for 15s,
cooled for 30 s on ice, and resonicated for 15 s at Statistics: One-way ANOVA and the Student-
a power setting of 2.5 with a microtip sonicator. Newman-Kuel test were used for the analyses of
The disrupted cells were incubated at 30C for the data. All values given are expressed as the
15 min. After being vortexed for 1 min at mean +__ S.E.M. p< 0.05 was considered sig-
medium speed, the suspension was layered over nificant.
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FIG. 1. Effect of MCG and MCG-sonicate on macrophage super-
oxide-mediated cytochrome c reduction. 2.5 x 106 macrophages
were incubated with the indicated amount of MCG or MCG-soni’
cate for 5 min at 37C. Superoxide production by macrophages
was initiated by the addition of 0.2 lag/ml PMA, and cytochrome
c reduction was assayed as described in the Material and
Methods section. Data presented are % inhibition of control mac-
rophages activated with PMA. Values are mean S.E.M., n 5.
MCG-S: MCG-sonicate.
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FIG. 2. Effect of MCG-sonicate or SOD on macrophage super-
oxide production. 3 x 106 macrophages were incubated with
the indicated amount of MCG-sonicate or SOD for 30 min at
37C. Macrophages were then washed and resuspended in
HBSS for superoxide assay after activation with PMA (0.2 Ig/
ml). The dose of MCG-sonicate is expressed in mast cell equiva-
lents. Values are mean -!- S.E.M., n=6. *p < 0.05 vs. control.
MCG-S: MCG-sonicate.

Results

Effect ofMCG and MCG-sonicate on macrophage
superoxide-mediated cytochrome c reduction:
Co-incubation of macrophages with intact MCGs
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or MCG-sonicate for 5 min prior to activation
with PMA resulted in dose-dependent inhibition
of superoxide-mediated reduction of cytochrome
c (Fig. 1). The inhibitory effect of MCGs on
superoxide-mediated cytochrome c reduction
ranged from 40 to 100% for MCG doses of 0.25
to 1.00 x 106 mast cell equivalents. The inhibi-
tory effect of MCGs was comparable whether
intact MCGs or MCG-sonicate was used.

Effect of soluble MCG products or SOD on mac-
rophage generated superoxide production: The
inhibitory effects of MCG factors on macrophage
superoxide generation could be due to inhibition
of the respiratory burst enzyme NADPH oxidase
or due to scavenging of the generated super-
oxide. In order to identify the effect of MCGs,
macrophages were incubated with buffer or
varying doses of MCG-sonicate or SOD for 30
min. Each macrophage preparation was then
divided into a washed (to remove MCG-sonicate
or SOD) and unwashed preparations, and resus-
pended in HBSS. Superoxide production was
then assayed according to the standard protocol
after activation with PMA. As shown in Fig. 2,
macrophages incubated with MCG-sonicate or
SOD and then activated with PMA produced sig-
nificantly lower levels of superoxide. The inhibi-
tion by MCG-sonicate was dose-dependent and
ranged from 34% to 67% with varying doses of
MCG-sonicate. On the other hand, macrophages
that were washed after pre-treatment with MCG-
sonicate or SOD produced the same amounts of
superoxide as the control macrophages. Washing
of the cells alone did not alter the capacity of
macrophages for superoxide production.

Association of the effect of MCGs with phagocy-
tosis: The finding that soluble MCG extract was
capable of inhibiting superoxide-mediated cyto-
chrome c reduction only if present at the time of
macrophage activation prompted us to evaluate
whether the inhibition was associated with inter-
nalization of the granule. Macrophages were
incubated with MCGs for 5 or 30 min. Each of
the cell suspensions was washed twice and sedi-
mented by slow centrifugation. The pellets of
macrophages thus separated from free MCGs
were resuspended in HBSS for superoxide pro-
duction assays after activation with PMA. Macro-
phages were also activated with PMA without
removing free MCGs. As shown in Fig. 3, incuba-
tion of macrophages with intact MCGs for 5 min
(Fig. 3, upper panel) resulted in complete inhibi-
tion of superoxide-mediated cytochrome c
reduction and washing resulted in a 21% recov-
ery. In the case of macrophages incubated with
MCGs for 30 min without removal (Fig. 3, lower
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FIG. 3. Effect of wash and incubation time on macrophage
superoxide production inhibited by MCG. 2.5 x 106 macro-
phages were incubated with 0.8 x 106 MCG of mast cell
equivalents for 5 min (upper panel) or 30 min (lower panel) at
37C. The cells were washed twice and resuspended in HBSS
for superoxide assay as described in the Materials and Methods
section. Values are mean

___
S.E.M., n 5. *p < 0.05 when com-

pared to wash cells; p < 0.05 when compared to cells incubated
for 5 min.

been internalized and were not removed by
washing. Furthermore, the results of Fig. 3
suggest that the reversal of the MCG effect by
washing was of higher magnitude if macrophages
and MCGs were incubated for longer time (30
min) than those incubated for a shorter period
(5 min). Therefore, to assess the association
between MCG uptake and the inhibition of
superoxide release, and to determine the fate of
phagocytosed MCGs, macrophages were exam-
ined by using electron microscopy. In this study,
macrophages preincubated with MCGs for 10
min and purified by sucrose density gradient
centrifugation, were incubated for 0, 15 and 30
min and examined by transmission electron
microscopy. Figure 4 shows that MCGs were
rapidly taken up by macrophages into the phago-
somes within 10 min (Fig. 4B). The phagocy-
tosed MCGs were gradually disintegrated within
30 min (Fig. 4C and 4D).

Superoxide dismutase activiO: in MCGs: Since
the pre-treatment of macrophages with MCG-
sonicate for up to 30 min could be reversed by
washing, this effect is presumably due to the
superoxide dismutase present in the MCGs. In
order to confirm this, superoxide dismutase
activity was assayed in MCG-sonicate. As evident
from Table 1, addition of MCG-sonicate inhibited
superoxide-mediated cytochrome c reduction in
a dose-dependent fashion when assayed using
xanthine and xanthine oxidase. Addition of com-
mercially available SOD also showed a dose-
dependent inhibition of xanthine oxidase-medi-
ated cytochrome c reduction.

Addition of other MCG components such as
histamine and serotonin at concentrations up to
1 mM and 0.1 mM respectively, or heparin (10 btg/
ml) did not affect macrophage superoxide-medi-
ated cytochrome c reduction (data not shown).

panel), the inhibitory effect was of lesser magni-
tude (78% vs. 98%). Washing of the cells resulted
in partial recovery of superoxide release to about
50% of the control release and was significantly
greater than that observed after 5 min of stimula-
tion. The sucrose density gradient centrifugation
and washing procedure did not affect the capa-
city of macrophages to generate superoxide.

Electron microscopic analyses of macrophages
for MCG phagocytosis and degradation: The
finding that washing of macrophages prior to
their activation with PMA could completely
reverse the inhibitory effect of MCG-sonicate and
not that of intact MCGs suggests that MCGs have

Superoxide dismutase activity in control and
macropbages with phagocytosed MCGs.. In order
to examine if macrophage phagocytosis of MCGs
resulted in an increase in intracellular SOD activ-
ity, total SOD activity was assayed in Triton X-100
extracts of control and MCGs-treated macro-
phages. As evident from Fig. 5, there was no sig-
nificant difference in total intracellular SOD
activity between control macrophages and those
containing phagocytosed MCGs even though
there is an apparent increase in the macrophage/
MCG preparations.

Discussion

Increased numbers of mast cells have been
shown to be present in many inflammatory dis-
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FIG. 4. Electron photomicrographs of macrophages with phagocytosed MCG. Macrophages were preincubated with MCGs for 10 min
at 37C and were purified by sucrose density gradient centrifugation followed by washing with Tyrodes buffer. Aliquots of the macro-
phage suspensions were incubated for 0, 15 or 30 min. The cells were fixed in 2% gluteraldehyde and examined by transmission elec-
tron microscopy. Normal macrophages (A); macrophages with phagocytosed MCG incubated for 0 min (B); 15 min (C) and 30 min (D).
Original magnification x 4800. Arrow indicates MCG.

orders. 18-21 However, it is not clear whether
mast cells play a pro-inflammatory or an anti-
inflammatory role. The interaction of mast cell
products with mononuclear cells to produce a
factor enhancing prostaglandin E2 synthesis has
been reported.22 Although the fate of the exocy-
tosed MCGs from mast cells is not well under-
st hood, p agocytosis of MCGs by macrophages23

24and fibroblasts has been documented. Interac-
tion of MCGs with macrophages has been shown
to alter a variety of macroPlh0age function includ-
ing superoxide production, Fc7 receptor-medi-
ated phagocytosis,25 tumour cell killing and nitric
oxide production.5 However, a direct relation-
ship between phagocytosis of MCGs and altered
macrophage functions has not been shown.

The present study indicates that isolated MCGs
are capable of interacting with macrophages and
inhibiting superoxide release as determined by
cytochrome c reduction. The inhibitory effect
was comparable whether intact MCGs or MCG-
sonicate was used. The effect was concentration
dependent and complete inhibition of super-
oxide-mediated reduction of cytochrome c could
be seen when 1 x 10 mast cell equivalent of
MCGs were present in incubations containing up
to 5 x 10 macrophages. The effect, at least in
part, was due to the dismutation of superoxide
generated by the respiratory burst enzyme
NADPH oxidase. This conclusion is based on the
presence of SOD in the MCGs (Table 1) and the
finding that the effect of MCG-sonicate on mac-
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Table 1. Superoxide dismutase activity in mast cell granules

Addition to nmoles of superoxide
xanthine-xanthine generated per min
oxidase

k inhibition

None 7.72
MCG-sonicate 103 7.26 6.0
MCG-sonicate 104 5.41 30.0
MCG-sonicate 105 0.00 100.0
SOD 0.625 U 7.16 7.3
SOD 2.25 U 5.12 33.0
SOD 5 U 2.21 71.4
SOD 10 U 0.69 91.9

Mast cell granules were sonicated in 50 mM sodium phosphate containing
0.5% Triton X-100 (pH 7.0) for 2 x 2Os. The sonicates were centrifuged at
15 000 x g for 30 min and the supernatants were assayed for SOD activity
using xanthine/xanthine oxidase system. Each value given is the mean of
duplicate determinations. Commercially available SOD was used as the stan-
dard. A comparable volume of sodium phosphate containing 0.5% Triton X-
100 (MCG sonication buffer) did not have any inhibitory effect on xanthine/
xanthine oxidase-mediated cytochrome c reduction. Mast cell granule-sonicate
is expressed as equivalent to the starting number of intact mast cells.

0.4

[--] Control

MCG

T

0 min 30 min

Incubation time after MCG phagocytosis

rophages incubated for 30 min was completely
abrogated when the MCG-sonicate was .removed
by washing prior to activation with PMA. The
inhibitory effect was not attributable to a
decrease in macrophage viability since co-incuba-
tion of macrophages with MCGs for up to 24 h
did not increase the uptake of trypan blue or the
release of lactate dehydrogenase activity.5 Fur-
thermore, MCG treatment also did not reduce
the protein content of adherent cells, indicating
that MCG-proteases did not affect the total
number of macrophages present (data not
shown).
Superoxide production by the phagocytic cells

is initiated by the membrane bound respiratory
burst enzyme NADPH oxidase.7 NADPH oxidase
is dormant in resting phagocytes and its activa-
tion by external stimuli involves translocation and
assembly of cytosolic components to the plasma

26-28membrane. Since MCGs are known to mod-
ulate many membrane-associated functions of
macrophaes such as Fc receptor-mediated pha-

9gocytosis, LPS binding and nitric oxide pro-
duction,5 it is possible that MCGs could alter the
activity of NADPH oxidase as well. Nevertheless,
the reversal of MCG-sonicate treated macro-
phages to 100% superoxide generating pomntial
after washing indicates that MCG-sonicate did not
alter NADPH oxidase activity. Since the inhibitory
effect of MCG-sonicate was evident only when
present in the assay system (and not just by
prior treatment) the effect can be attributed to
the scavenging of superoxide by SOD present in

24the MCGs. This result also emphasizes that
soluble SOD is not internalized, since washing of
macrophages after incubation with MCG-sonicate
or SOD completely abrogated the inhibitory
effect. Further support for the presence of SOD

FIG. 5. SOD activity in normal macrophages and macrophages
containing phagocytosed MCGs. 35 x 106 macrophages were
incubated with or without 3.5 x 106 MCG (in mast cell equiva-
lents) for 15 min at 37C. The unphagocytosed MCGs were
removed by gradient density.centrifugation with 0.35 M sucrose.
The macrophages were then washed and incubated for the indi-
cated time at 37C. The cells were washed and disrupted by
sonication in 50mM sodium phosphate containing 0.5% Triton
X-IO0. The macrophage sonicates were assayed for SOD activity
as described in the Materials and Methods section. Values are
mean -I- S.E.M., n=4.

in MCGs was that MCG-sonicate was capable of
scavenging superoxide produced by xanthine
and xanthine oxidase. The effect cannot be
attributed to other MCG components such as
histamine, serotonin or heparin since compar-
able concentrations of these substances did not
affect the ability of macrophages to generate
superoxide (data not shown).
The effect of intact MCGs on macrophages

demonstrates an association between phagocy-
tosis of MCGs and impairment of the superoxide
release. When macrophages were incubated with
intact MCGs for 5 or 30 min, superoxide produc-
tion was decreased by 98% or 67% respectively.
After the incubation, when the un-phagocytosed
MCGs were removed by washing prior to activa-
tion by PMA, only partial recovery of superoxide
generation (25% and 50%)was noted (Fig. 3).
This could be attributed to the ability of macro-
phages to rapidly phagocytose SOD containing
MCGs and to retain them transiently in the pha-
golysosomes. The partial recovery of superoxide
production by MCG-treated macrophages in 30
min is consistent with the electron microscopy
studies (Fig. 4)which demonstrate that macro-
phages rapidly phagocytosed MCGs into the pha-
golysosomes (Fig. 4B) and were gradually
degraded or exocytosed (Fig. 4C and 4D). This
may explain the partial recovery of superoxide
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producing capacity of MCG-treated macrophages
when washed after 30 min incubation. The
failure to regain 100% capacity for superoxide
production in these cells may also be due to
other intracellular events leading to inhibition ol
NADPH oxidase. It is undetermined whether
degradation of SOD or breakdown of other
granule components which alter NADPH oxidase
assembly best explains the time- and wash-
dependent recovery of macrophage superoxide
production.
The present results clearly demonstrate that

macrophages rapidly phagocytose MCGs into the
phagolysosomes where the SOD contents of the
MCGs are utilized to scavenge the generated
superoxide. Subsequently, MCGs are degraded
and SOD is either secreted out of the cell or is
inactivated. It is noteworthy that the SOD content
of macrophages treated with MCGs was not sig-
nificantl higher than in control macrophages
although one would expect such an increase
owing to the contribution of SOD by MCGs. It is
possible that although SOD from the phagocy-
tosed MCGs may affect the generated superoxide
levels in the phagosomes, their relative contribu-
tion to the total macrophage SOD may be
minimal. The mechanism by which MCGs are
phagocytosed is not currently known. One possi-
ble mechanism is that the uptake of MCGs is via
a receptor mediated phagocytosis. It is not
known if this receptor is specific or pro-
miscuous. Whatever may be the mechanism, it is
significant that MCGs are capable of regulating
the phagocyte oxygen radical metabolism. The
ability of MCGs to interact with and alter macro-
phage functions may have an important physiolo-
gical role in preventing reactive oxygen-mediated
tissue injury. Thus, the adverse effect of excessive
mast cell degranulation could prevent phagocytes
from killing invading pathogens via reactive
oxygen radical dependent mechanisms.
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