The role of hydrogen peroxide in basophil
histamine release and the effect of
selected flavonoids
Hiroshi Ogasawara, Tetsuzo Fujitani, Gary Drzewiecki, and
Elliott Middleton, Jr. Buffalo, N. E
Studies on hydrogen peroxide (H202)-induced histamine release from human basophils indicate
that 11202 is a weak stimulus of histamine release, that the release process is C d + and
energy-dependent, and that histamine release is not influenced by theophylline (in keeping with
previous observations with rat mast cells). Low concentrations of H202 appeared to augment
and high concentrations to inhibit histamine release induced by anti-lgE. However, the inhibitory
effect of high concentrations of H202 were completely abrogated by catalase, which destroys
H:O~, and thus indicates that basophils retain immunologic responsivily and are not irreversibly
effected by high concentrations of H202. Leukocyte suspensions relatively enriched in
monocytes, lymphocytes, basophils, neutrophils, and neutrophils plus eosinophils were prepared
by Percoll-gradient centrifugation. Anti-lgE stimulated 11202formation only in the fraction
richest in basophils. Opsonized zymosan, on the other hand, stimulated 11202 generation in both
the basophil and monocyte fractions, indicating activation of both monocytes and basophils
by this stimulus. Mixtures of basophil-containing leukocyte suspensions plus purified neutrophils
and opsonized zymosan stimulated histamine release in proportion to concomitant generation
of Hz02. Addition of catalase reduced histamine release under these conditions, whereas
scavengers of other toxic oxygen derivatives (superoxide dismutase, ce-tocopherol, O-mannitol)
had little or no effect on histamine release. These findings suggest that neutrophil-derived
H20: can cause basophil histamine release in mixed populations of activated leukocytes. Three
naturally occurring flavonoids, quercetin, apigenin, and taxifolin (dihydroquercetin) were
examined for their effect on anti-lgE-induced histamine release and H:02 generation in basophilcontaining leukocyte suspensions. Quercetin and apigenin (5 to 50 I.dVl) inhibited histamine
release in a concentration-dependent manner. However, all three flavonoids inhibited the
generation of H Oz. Since taxifolin inhibited 1-1,0,_ generation but had little inhibitory effect
on histamine release indicates that H202 generation is not a prerequisite for anti-lgE-induced
histamine release. These findings also suggest that certain flavonoids may be useful biochemical
probe;~ into the mechanisms of basophil histamine release. (J ALLERGY CLIN IMMUNOL 78:3218, 1986.)

During phagocytosis by polymorphonuclear leukocytes and monocytes, changes in oxidative metabolism are known to occur. These changes include increased oxygen consumption, generation of O2,1-3
H202,4. 5 OH.,6 102,7, 8 hypochlorous acid, 9' 10 and increased glucose catabolism through the hexose monophosphate pathway. J]-~3The metabolism of exogenous
glucose to CO2 in rat mast cells was demonstrated to
be stimulated during histamine release induced by immunologic or nonimmunologic stimuli, and the in-
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Abbreviations used
H202: Hydrogen peroxide
O~: Superoxide anion
OH: Hydroxyl radical
'O2: Singlet oxygen
SOD: Superoxide dismutase

creased CO2 production continued after the release of
histamine was complete. 14 Rat and human mast cells
as well as human leukemic basophils exhibited parallel
release of 0 2 and histamine induced by anti-lgE. ~5
Furthermore, rat peritoneal mast cells release histamine on exposure to xanthine oxidase plus hypoxanthine and also after exposure to H2Oz. J6. ~7
It is now well recognized that certain plant flavo-
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Laboratory, Buffalo General Hospital. The flavonoids were
obtained from the following sources: quercetin, Aldrich
Chemical Co., Milwaukee, Wis.; apigenin and taxifolin,
Fluka, Hauppauge, N. Y. The flavonoids were dissolved in
dimethyl sulfoxide to prepare 10 mmol/L stock solutions
and diluted in buffer to achieve final concentrations of 5 to
50 IxM. The final concentration of dimethyl sulfoxide in
cell suspensions did not exceed 0.5%, a concentration that
does not affect basophil histamine release.
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FIG. 1. Histamine-releasing effect of H202 and the effect
of H202 on anti-lgE-induced histamine release. Basophilcontaining leukocyte suspensions were incubated with
H202 alone or with I-[202and anti-lgE (20 I~g) for 40 minutes
at 37~ C, Catalase (100 I~g) was added to cells that had
been incubated with anti-lgE and 100 I~M of H202 for 40
minutes, and incubation was continued for an additional
40 minutes that led to a normal histamine-release response to anti-lgE (arrow). Results displayed are representative of one of three such experiments,

noids inhibit the stimulated release of histamine from
rat mast cells ~8-z~and human basophils. 2~-23 Certain
flavonoids also inhibit the generation of chemiluminescence and O~ in purified stimulated human neutrophils, z4
In this study we investigated the effect of H202 on
histamine release from basophils and determined some
biochemical properties of H202-induced histamine release. In addition, we studied opsonized zymosaninduced histamine release from human basophils
mixed with autologous cell fractions enriched in neutrophils or eosinophils and assessed the contribution
of H202 and O2 to this process. Finally, the effect of
three structurally unique flavonoids on these processes
was examined.
MATERIAL AND METHODS
Chemicals
Percoll and Dextran 250 were obtained from Pharmacia
Fine Chemicals, Piscataway, N. J. Scopoletin, horseradish
peroxidase, ferricytochrome C (type VI), zymosan, SOD,
catalase, o-mannitol, H202 (30%), theophylline, and 2deoxy-o-glucose-6-phosphate were obtained from Sigma
Chemical Co., St. Louis, Mo. Dermatophagoides farinae
allergen extract was obtained from Torii Co., Japan. AntilgE was a gift from Dr. John Wypych, Allergy Research

Each type of leukocyte was isolated by modification of
the Percoll technique. 2~Heparinized venous blood from patients allergic to D. farinae was mixed with 6% dextran
(Dextran 250) in 0.15 mol/L of NaCI and left at room
temperature for 40 minutes. The dextran-plasma-leukocyte
suspension was collected, and the cells were washed once
with saline and resuspended in Percoll solution (density
1.064 gm/ml) with 5% fetal bovine serum at cell concentration of about 30 • 10~/ml. A discontinuous Percoll gradient was prepared in polypropylene tubes by adding Percoll
solutions of varying density (grams per milliliter) sequentially to the tubes as follows: 3 ml of 1,099, 3 ml of 1.091,
3 ml of 1.078, and 3 ml of 1.071, and finally on top, 1 ml
of the cell suspension was carefully overlaid. The tube was
centrifuged at 1600 • g for 20 minutes at room temperature. The .,'ells were collected from each layer, contaminating erythrocytes were lysed by hypotonic shock, and cell
morphology and type was determined by staining with
Giemsa, Alcian blue, and cx-naphthylacetate. The cells were
suspended in phosphate-buffered saline, pH 7.4, containing
(per liter) 8 gm of NaC1, 0.2 gm of KCI, 1.15 gm of
Na2HPO4, 0.2 gm of KH2PO4, 0.13 gm of CaC12, 0.1 gm
of MgCI2, 0.8 gm of glucose, and 3 gm of human serum
albumin. Cell viability for e,ach fraction was more than 95%
as determined by trypan blue dye exclusion. The differential
cell count for each fraction is provided in the appropriate
section of Results.
Measurement

of HzO2 g e n e r a t i o n

The formation and release of H202 into the extracellular
medium a~ 37~ C was measured every 5 minutes with the
horseradish peroxidase-mediated extinction of scopoletin
fluorescence during its oxidation? The scopoletin concentration was 4 IxM, and that of HPO was 22 ixM. The results
were calculated as the maximal rate of H202 release (nanomoles per minute).
Measurement

of OF g e n e r a t i o n

The generation and release of O5 into the medium at
37~ C wa,; determined every 5 minutes by measurement of
reduction of 50 p~M ferricytochrome C. 4 Results are expressed as maximal rate of O~ generation (nanomoles per
minute).
Measurement

of h i s t a m i n e

Histamine was determined by the spectrophotofluorometric method of May et al. ~6The results are expressed as
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FIG, 2. Time course of histamine release and generation of H202 and O~ from basophil-containing
leukocyte suspensions exposed to anti-lgE (20 i~g) for 40 minutes at 37 ~ C.

TABLE I. H202 generation from leukocyte fractions under different conditions
Cell fraction

No. of experiments
Differential cell count (%)
Monocyte
Lymphocyte
Basophil
Neutrophil
Eosinophil

Monocyte

Lymphocyte

Basophil

Neutrophil

Neutrophil
plus eosinophil

3

3

6

6

4

15.0 • 2.5
85.0 _ 2.5
0.03 • 0.04
0
0

1.2 • 0.6
98.7 • 0.6
0.03 • 0.04
0
0

0
0.7 • 0.8
0
97.9 • 1.2
1.4 • 1.2

0
8.9 • 13.9
0
43.3 • 9.1
47.8 • 10.9

1.3
96.5
2.0
0.1

•
•
•
0

0.5
0.4
0.3
0.2

HzOz generation picomoles per 10e cells per minute
Additions
None
Anti-lgE
Opsonized zymosan

0
0.1 _+ 0.1
15.0 _+ 6.7

0
0.1 - 0.2
0.2 -+ 0.3

percent histamine release relative to the total cellular histamine content as follows:
Histamine release (%) -

E-B
C-B

x 100

where E is the fluorometric reading of the experimental
sample, B is the reading of samples with cells and buffer,
and C is the reading of the " c o m p l e t e " cell mixture (cells
disrupted with HCIO4). H202 did not interfere with the analytical technique for histamine.

Statistical analysis
Data are expressed as means • SD. Significance was
determined by the paired Student's t test.

Preparation of opsonized zymosan
Opsonized zymosan was prepared as previously described. -'4

0
18.6 --_ 5.4
13.3 • 0.4

43.6 • 41.1
45.8 • 32.7
1(53.5 • 99.3

59.4 • 43.7
66.0 • 12.9
150.3 • 93.5

RESULTS
Characteristics of HzOz-induced basophil
histamine release and the interaction of HzOz
with anti-lgE-induced histamine release
H202 proved to be a relatively weak stimulus to
histamine secretion. Fig. 1 illustrates the effect of 4,
20, and 100 p,M of H202. Maximum histamine release
was observed at 20 txM of HzOz, and a decrease in
histamine release was noted with 100 IxM of H202.
However, in studies of the interaction of H202 with
an immunologic stimulus to histamine release, i.e.,
anti-IgE, it was found that 4 p.M of H202 enhanced
anti-IgE-induced histamine release, whereas 20 txM
of H202 had no significant effect, and 100 I~M of
H202 actually decreased anti-IgE-induced histamine
release from 37.2% to 7.7% as illustrated in Fig. 1.
A similar histamine release-augmenting effect of 4
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TABLE II. Effect of opsonized zymosan and mixtures of opsonized zymosan with neutrophils or
eosinophils on basophil histamine release and the inhibitory activity of substances acting on toxic
oxygen derivatives

Additionsto basophil-containingcell fractions*

Opsonized zymosan

Neutrophils

Eosinophils

SOD

Catalase

(~-tocopherol

o-mannitol

+
+
+
+
+
+
+
+
+

+
+
+
+
+
+
+
+
+

+
+

+
+
+

+
+

+

+
+

+
+
+

+
+
nd = Not done.
*l x 106 cells of the basophil fraction (basophils, 3.1 • 1.1; monocytes, 3.0 -+ 0.5; lymphocytes, 93.8 __+ 1,6; and neutrophils,
0.1 -+ 0.05%) with or without 2.5 • 106 cells of a neutrophil-enrichedsuspension (neutrophils, 98.8 • 0.3; lymphocytes, 0.9 - 0.6;
and eosinophils, 0.3 • 0.3%) or eosinophil-enrichedsuspension (eosinophils, 89.0 • 7.6; neutrophils, 9.8 • 6.4; and lymphocytes,
1.2 • 1.2%) were suspended in a final volume of 1.0 ml, incubated at 370 C for 40 minutes with opsonized zymosan (1 mg/ml final
concentration), and centrifuged, and supematant histamine was determined. Final concentration of each scavenger was SOD, 50
~g/ml; catalase, 100 p,g/ml; a-tocopherol acetate, 450 Ixg/ml;and D-mannitol, 1 mmol/L. Data represent mean ( • SD) of two experiments
with duplicate or triplicate determinations.
tp < 0.05 comparing opsonized zymosan with opsonized zymosan plus neutrophils.
~:p < 0.025 comparing opsonized zymosan with opsonized zymosan plus neutrophils plus SOD.
w < 0.05 comparing opsonized zymosan plus neutrophils with opsonized zymosan plus neutrophils plus all four scavengers.

TABLE III. Effect of catalase on the
histamine-releasing activity present in the
supernatant of neutrophils exposed to
opsonized zymosan

Stimulus

Histamine release 1%)

Supernatant (untreated)
Supernatant plus catalase

15.1
0.6

txM of H202 and inhibitory effect of 100 ~ M of H202
was also observed with D. farinae-induced histamine
release (data not presented).
To determine whether the inhibitory effect of 100
txM of H202 on anti-IgE-induced histamine release
was reversible, catalase (100 Ixg/ml) was added at the
end of the initial 40-minute incubation and the incubation was continued for an additional 40 minutes.
As illustrated in Fig. 1, (arrow) the addition of catalase to the cell anti-IgE mixture permitted anti-IgE
to stimulate histamine release (50.8%), presumably
because catalase, by destruction of H202, eliminated
the inhibitory effect of' the high concentration of H202

(100 txM). This finding indicates that H2Oz did not
irreversibly damage the functional reactivity of the
basophils. The kinetic relationships of the anti-lgEstimulated release of histamine, HzO2, and O~ is illustrated in Fig. 2. The rate of histamine release was
faster than the rate of generation of H202, and the rate
of O~- generation was the slowest. Basophil histamine
release in reponse to H202 plateaued at 20 minutes
(data not presented).

Anti-lgE and opsonized zymosan stimulation
of H202 generation in leukocyte fractions
of different composition
In these experiments, H20~ generation by cell suspensions relatively enriched with respect to monocytes, lymphocytes, basophils, neutrophils, or eosinophils was measured after exposure to anti-IgE (20
txg/ml) or opsonized zymosan (1 mg/ml) at a cell
concentration of 2.5 • 106/ml. As observed in Table
I, anti-IgE stimulated the generation of H z O 2 only in
the basophil-containing fraction (2% basophils compared to 0% to 0.03% in the other cell fractions).
Opsonized zymosan also stimulated H20: production
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Histamine
release
(%)
3.1
12.1
15.7
15.5
9.1
11.6
10.4
13.4
12.5
8.7
14.8
14.8

• 3.1
___ 2.1
• l.lt
• 0.4:~
• 1.8
• 2.2
• 2.4
• 5.4
• 2.6
• 0.4w
• 3.0
• 2.0

H20z
generation
(nmol/min)
0.001
0.105
0.238
0.285
0.168
0.179

_
•
_
•
•
•
nd
nd
nd
nd
0.326 •
0.306 •

0.001
0.036
0.047
0.047
0.001
0.015

0.115
0.159

Superoxide
generation
(nmol/min)
0.026 ___ 0.026
0.035 • 0.035
1.629 • 0.900
0
0.562 • 0.093
0
nd
nd
nd
nd
0.069
2.813

in the basophil-containing fraction and in the monocyte-enriched fraction as well; some increase in the
neutrophil and the neutrophil plus eosinophil fractions
was also noted. The background value of H202 formation in the neutrophil and neutrophil plus eosinophil
fractions presumably reflects a higher rate of endogenous H202 synthesis by these cells as compared with
the other fractions.

Effect of neutrophil- or eosinophil-derived
oxygen derivatives on basophil histamine
release

Generation of H202 and 03 and the effect of inhibitory agents. In these experiments we studied the
effect of adding neutrophil- or eosinophil-rich cell
fractions to the basophil-containing cell suspension,
with or without opsonized zymosan, on the generation
of H202 and O~_. Each of the cell fractions was obtained by Percoll density gradient centrifugation as
described in Methods; 1 x 106 cells of the "basophil
fraction" were incubated alone or with 2.5 x 106
cells per milliliter of added neutrophil- or eosinophilenriched fractions with or without added opsonized
zymosan (1 mg/ml) in a final volume of i.0 ml. Incubation time was 40 minutes at 37 ~ C.
The composition of the various cell fractions in
these experiments was as follows: basophil fraction: basophils, 3.1 • 1.1%; monocytes, 3.0 +
0.5%; lymphocytes, 93.8 • 1.6%; and neutrophils,
0.1 + 0.05%; neutrophil fraction: neutrophils,
98.8 + 0.3%; lymphocytes, 0.9 • 0.6%; eosinophils, 0.3 +_ 0.3%; eosinophilfraction: eosinophils,

89.0 • 7.6%; neutrophils, 9.8 • 6.4%; and lymphocytes, 1.2 • 1.2%.
As observed in Table II, control release of histamine induced by opsonized zymosan was 3.1 •
3.1%, and this was associated with low levels of H202
formation and 0 2 generation. In the presence of neutrophils, histamine release increased to 12.1 + 2.1%
in conjunction with a 100-fold increase in the rate of
H202 generation but a negligible change in 0 2 generation. However, when the neutrophil fraction plus
opsonized zymosan were added together to the "basophil fraction," histamine release increased significantly to 15.7 • 1.1% (p < 0.05) associated with a
2.3-fold increase in tt202 and a 47-fold increase in
the amount of O5 generated. There was a significant
correlation between H202 formation and histamine release (r = 0.784; p <-" 0.01).
In order to determine which oxygen derivative was
responsible for histamine release, the effect of several
agents that degrade or scavenge oxygen derivatives
was examined. Table II illustrates that the addition of
50 Ixg/ml of SOD, which dismutates 0 2 to H20227' 28
did not alter basophil histamine release stimulated by
the neutrophil-opsonized zymosan mixture, whereas
at the same time, it reduced measurable 0 5 to zero
and had no effect on the rate of H202 formation.
Because extracellular H202 is degraded by catalase,27, ::8 the effect of this enzyme on the histamine
release apparently caused by H202 was examined.
When catalase (100 I~g/ml) was added to the basophilneutrophil = opsonized zymosan mixture, the rate of
HzOz formation was reduced 73.4 • 14.0%, and histamine release was decreased by 58.7 _+ 15.3%.
Alpha-tocopherol acetate is a scavenger of 102 and
O H , and o-mannitol is a scavenger of O H . 27' 2~ The
effects of these substances on neutrophil-opsonized
zymosan-induced histamine release are presented in
Table II where it can be observed that (x-tocopherol
slightly decreased histamine release, but D-mannitol
had no effect. In other experiments, ct-tocopherol and
D-mannitol had no effect on H202 generation by neutrophils (data not presented).
When eosinophil-enriched cell fractions were added
to the basophil fraction, histamine release of 14.8 •
3.0% was detected in conjunction with spontaneous
unstimulated increase in the rate of formation of H202
(0.326 • 0.115 nmol/min). Addition of opsonized
zymosan did not alter histamine release or the rate of
H202 formation, at the same time causing a large
increase in O ~ generation.
Finally, to establish the key role of H202 as the
leukocyte (neutrophil) product responsible for histamine release, neutrophils (2.5 x l06 cells per milliliter) were exposed to opsonized zymosan for 40 rain-
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TABLE IV. Calcium and energy requirements

for H202-induced basophil histamine
release*

TABLE V. Effect of theophyllline on H202induced basophil histamine release*
Additions

Histamine release (%)

Theophylline (1 mmol/L)
H202 (100 I.zM)
H20, (100 p.M) plus
theophylline (1 mmol/L)

7.0 -+ 4.3
16.8 -+ 9.0
18.1 -+ 10.9

Additions
Ca2+

glucose

0

0

+
0
+

0
+
+

Histamine release (%)

8.8
9.8
9.3
21.0

-+ 0.7
+- 0.9
-+ 0.4
+ 2.8

2-Deoxyglucose (1 mmol/L added to glucosecontaining medium)

+
+

0
~-

20.0 _+ 8.2
7.9 _+ 5.9

*With the basophil-containingleukocytesuspensionsused in these
experiments, 100 ~M of H20z caused approximately20% histamine release after 40 minutes; averagedresults of two experiments. Note that histamine release of 20.0 -+ 8.2% in the
presence of glucose is reduced to 7.9 - 5.9% with the addition of 1 mmol/L of deoxyglucose(averagedresults of two experiments).

utes at 37 ~ C, and the supernatant was collected after
centrifugation. The supernatant was divided, and one
half was treated with catalase (100 I~g/ml) for 40
minutes at 37 ~C. The basophil-containing cell fraction
was then added to the untreated and catalase-treated
supernatants. From Table III it is obvious that catalase
completely destroyed the histamine-releasing activity
derived from the opsonized zymosan-treated neutrophils. Thus, H20: appears to be the trigger that is
synthesized by neutrophils and that stimulates histamine release.

Ca2+ and energy dependence of H202-induced basophil histamine release. The requirement of Ca 2+
ions and an energy source (glucose) for H202-induced
basophil histamine release was studied by incubating
basophil-containing leukocyte suspensions (1 • 106
cells per milliliter) in the absence or presence of 1
mmol/L of Ca 2+ and with or without glucose, 4.4
mmol/L. Table IV illustrates that the presence of both
Ca 2+ ions and glucose was required to support histamine release stimulated by H202 (100 IxM). The
requirement tot glucose to enable histamine release
was borne out by the inhibitory effect of 2-deoxyglucose (1 mmol/L).
Effect of theophylline on H202-induced basophil
histamine release. Theophylline (1 mmol/L) had no
effect on basophil histamine release induced by 100
IxM of H202 (Table V), suggesting that phosphodiesterase inhibition had no effect on H2Oz-induced histamine release.

*Leukocyte suspensionswere incubatedfor 40 minutes;averaged
results of four experiments.

Effect of flavonoids on basophil histamine release
and 11,_02 generation stimulated by anti-lgE. As illustrated in Fig. 3, quercetin and apigenin inhibited
histamine release and H202 generation in basophilcontaining cell fractions in a concentration-dependent
manner (5 to 50 txM). By contrast, taxifolin caused
a large inhibition of H202 formation but had a much
smaller effect on histamine release.
DISCUSSION

The present experiments confirm that H202 stimulates histamine release from human basophils. ~7 The
experiments also demonstrate that low concentrations
(4 ~M) of H202 augment anti-IgE-induced histamine
release, whereas high concentrations (100 p.M) inhibit
histamine release. The reversibility of the inhibitory
effect of the high concentration of H202 was demonstrated by the finding that addition of catalase rendered the basophils normally responsive to the histamine-releasing effect of anti-IgE and also established that 100 ~M of H202 does not impair the
functional reactivity of basophils to an immunologic
stimulus (Fig. 1). This information together with the
kinetic data presented in Fig. 2 demonstrate that antilgE-induced basophil histamine release is not H202
dependent but rather that immunologic basophil activation is also accompanied by the generation of oxygen metabolites.
The addition of anti-IgE to various cell fractions
relatively enriched in monocytes, lymphocytes, basophils, neutrophils, or neutrophils plus eosinophils
caused the generation of H202 only in the cell fraction
containing the largest number of basophils. This observation demonstrates that immunologic activation of
basophils is accompanied by H202 generation (Table
I). Opsonized zymosan also stimulated the formation
of H202 in the basophil fraction, indicating that complement activation of basophils also stimulates H202
formation. In addition, opsonized zymosan stimulated
H202 formation in the monocyte fraction (Table I), a
finding consistent with activation of monocyte phagocytosis. In view of these observations, it appears pos-
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FIG. 3. Inhibitory activity of three flavonoids on human basophil H202 generation and histamine
release stimulated by anti-lgE. Each point represents the averaged results of three experiments.
The range of control H202 generation was 0.339 to 1.100 nmol/1 • 108 basophil per minute. The
average control histamine release was 17.6% to 43.1%. H202 (e); histamine release (&).

sible that monocyte-, neutrophil-, and eosinophil-containing (see below) inflammatory loci might generate
H202 that in turn could augment immunologically induced mediator release from basophils and mast cells.
H202-induced basophil histamine release was
found to depend on the presence of extracellular Ca 2§
ions, to be energy dependent as demonstrated by low
histamine release in the absence of buffer glucose,
and inhibition of the glucose effect in the presence of
2-deoxyglucose. Also, theophylline failed to inhibit
H202-induced histamine release, suggesting that increased concentrations of cyclic AMP do not inhibit
histamine release induced by this substance. This finding is in keeping with the fact that increased cyclic
AMP does not inhibit ionophore A23187-induced histamine release or the effect of Sr2+ to increase histamine release from human basophils; it is also
in agreement with the failure of theophylline to inhibit H202-induced histamine release from rat mast
cells. ~7
The present experiments also demonstrated that incubation of basophil-containing leukocyte suspensions with autologous neutrophil- or eosinophil-enriched cell suspensions together with opsonized zymosan stimulated histamine release. Although it is
well recognized that C5a induces basophil histamine
release, 29 we found that opsonized zymosan (C5a adsorbed to zymosan) caused negligible histamine release under the conditions of these experiments.
Incubation of neutrophil- or eosinophil-enriched
leukocyte fractions with opsonized zymosan stimulated a marked increase in the rate of generation of

H202 and O~. To determine which of these oxygen
derivatives was responsible for the increased histamine release noted in experiments in which neutrophil-rich and eosinophil-rich cell suspensions were
added to the basophil-containing suspensions, we performed experiments with agents that degrade or scavenge the oxygen metabolites. Histamine release correlated with the rate of H202 generation and was decreased in the presence of catalase (Table II). Also,
the histamine-releasing activity of supernatants of
neutrophils treated with opsonized zymosan was completely abolished by treatment of the supernatants with
catalase (100 txg/ml). By contrast, SOD strikingly
reduced measurable O 2 without affecting H202 generation or histamine release; apparently SOD converted all generated 0 2 to H202. These findings support the concept that it is leukocyte-derived H202 that
is the molecular species responsible for histamine release under the conditions of the present experiments.
The nonsignificant effect of D-mannitol and a-tocopherol favors the conclusion that hydroxyl radicals
and JO2 are not involved in stimulated basophil histamine release.
Quercetin and apigenin but not taxifolin inhibited
histamine release stimulated by anti-IgE, confirming
earlier observations. 23 However, all three flavonoids
inhibited the generation of H202. This finding suggests
that H202 is not required for immunologically stimulated histamine release but represents another aspect
of basophil activation. This position is strengthened
by the finding that histamine release preceded H202
generation (Fig. 2). The use of certain flavonoids as

328

O g a s a w a r a et al.

b i o c h e m i c a l p r o b e s into the m e c h a n i s m a n d results o f
cell a c t i v a t i o n is also s u g g e s t e d b y t h e s e e x p e r i m e n t s .
T h e d i f f e r i n g p h a r m a c o l o g i c - b i o c h e m i c a l effects o f
the t h r e e f l a v o n o i d s studied m a y related to t h e i r
specific structural features: q u e r c e t i n ( 3 , 5 , 7 , 3 ' , 4 ' p e n tahydroxyflavone) and apigenin (5,7,4'trihydroxyflavone) are p l a n a r m o l e c u l e s , w h e r e a s taxifolin
( 3,5,7,3 '4' - pentahydroxyflavanone) (dihydroquercetin) is n o n p l a n a r ( b u c k l e d o x y g e n - c o n t a i n i n g hete r o c y c l i c C r i n g ) . * T h u s , the h i s t a m i n e - r e l e a s i n g
b i o c h e m i c a l step(s) in b a s o p h i l s g e n e r a t e d by an imm u n o l o g i c s t i m u l u s is (are) s e n s i t i v e to p l a n a r flav o n o i d s , but the b i o c h e m i c a l s y s t e m ( s ) r e q u i r e d for
H 2 0 2 g e n e r a t i o n b y the s a m e s t i m u l u s is (are) s e n s i t i v e
to b o t h p l a n a r ( q u e r c e t i n a n d a p i g e n i n ) a n d n o n p l a n a r
(taxifolin) flavonoids. T h e s e s t r u c t u r e - a c t i v i t y relat i o n s h i p s will be d i s c u s s e d in a future p u b l i c a t i o n .

*Cody V, Middleton E: Unpublished observations.
REFERENCES
1. Babior BM, Kipnes RS, Cumutte JT: Biological defense mechanisms: the production by leukocytes of superoxide, a potential
bactericidal agent. J Clin Invest 52:741, 1973
2. Curnutte JT, Babior IBM: Biological defense mechanisms: the
effect of bacteria and serum on superoxide production by granulocytes. J Clin Invest 53:1662, 1974
3. Oyanagui Y: Inhibition of superoxide anion production in macrophages by anti-inflammatory drugs. Biochem Pharmacol
25:1473, 1976
4. Root RK, Metcalf JA: H202 release from human granulocytes
during phagocytosis. Relationship to superoxide anion formation and cellular catabolism of H202: studies with normal
and cytochalasin B-treated cells. J Clin Invest 60:1266, 1977
5. Kazura JW, Fanning MM, Blumer JL, Mahmoud AA: Role of
cell-generated hydrogen peroxide in granulocyte-mediated killing of schistosomula of Schistosoma mansoni in vitro. J Clin
Invest 67:93, 1981
6. Weiss SJ, Rustagi PK, Lobuglio AF: Human granulocyte generation of the hydroxyl radical. J Exp Med 147:316, 1978
7. Allen RC, Stjernholm RL, Steele RH: Evidence for the generation of an electronic excitation state(s) in human polymorphonuelear leukocytes and its participation in bactericidal activity. Biochem Biophys Res Commun 47:679, 1972
8. Rosen H, Klcbanoff SJ: Formation of singlet oxygen by the
myeloperoxidase-mediated antimicrobial system. J Biol Chem
252:4803, 19"77
9. Lampert MB, Weiss SJ: The chlorinating potential of the human monocyte. Blood 62:645, 1983
10. Held AM, Hurst JK: Ambiguity associated with use of singlet
oxygen trapping agents in myeloperoxidase-catalyzed oxidations. Biochern Biophys Res Commun 81:878, 1978
11. Goetzl EJ, Austen KF: Stimulation of human neutrophil leukocyte aerobic glucose metabolism by purified chemotactic
factors. J Clin Invest 53:591, 1974

J. ALLERGY CLIN. IMMUNOL.
AUGUST 1986

12. DeChatelet LR, Shirley PS, Goodson PR, McCall CE: Bactericidal activity of superoxide anion and of hydrogen peroxide:
investigations employing dialuric acid, a superoxide-generating drug. Antimicrob Agents Chemother 8:146, 1975
13. Sagone AL, King GW, Metz EN: A comparison of the metabolic response to phagocytosis in human granulocytes and
monocytes. J Clin Invest 57:1352, 1976
14. Chakravarty NK: The metabolism of mast cells and biochemical changes associated with histamine release. In Pepys J,
Edwards AM, editors: The mast cell. London. 1979, Pitman
Medical Publishing Co, pp 38-46
15. Henderson WR, Kaliner M: Immunologic and nonimmunologic
generation of superoxide from mast cells and basophils. J Clin
Invest 61:187, 1978
16. Ohmori H, Komoriya K, Azuma A, Kurozumi S, Hashimoto
Y: Xanthine oxidase-induced histamine release from isolated
rat peritoneal mast cells: involvement of hydrogen peroxide.
Biochenl Pharmacol 28:333, 1979
17. Ohmori H, Yamamoto I, Akagi M, Tasaka K: Properties of
hydrogen peroxide-induced histamine release from rat mast
cells. Biochem Pharmacol 29:741, 1980
18. Fewtrell CMS, Gomperts BD: Effect of flavone inhibitors of
transport ATPases on histamine secretion from rat mast cells.
Nature 265:635, 1977
19. Fewtrell CMS, Gomperts BD: Quercetin: a novel inhibitor of
Ca 2~ influx and exocytosis in rat peritoneal mast ceils. Biochim
Biophys Acta 469:52, 1977
20. Bennett IP, Gomperts BD, Wollenweber E: Inhibitory effects
of natural flavonoids on secretion from mast cells and neutrophils. Arzneimittelforschung 31:433, 1981
21. Middleton E Jr, Drzewiecki G, Krishnarao D: Quercetin: an
inhibitor of antigen-induced human basophil histamine release.
J lmmunol 127:546, 1981
22. Middleton E, Drzewiecki G: Effects of flavonoids and transitional metal cations on antigen-induced histamine release
from human basophils. Biochem Pharmacol 31:1449, 1982
23. Middleton E, Drzewiecki G: Flavonoid inhibition of human
basophil histamine release stimulated by various agents. Biochem Pharmacol 33:333, 1984
24. Busse WW, Kopp DE, Middleton E Jr: Flavonoid modulation
of human neutrophil function. J ALLERGY CLTr~ IMMUNOL
73:801, 1984
25. GartnerI: Separation ofhuman eosinophils in density gradients
of polyvinylpyrrolidone-coated silica gel (Percoll). Immunology 40:133, 1980
26. May CD, Lyman M, Alberto R, Cheng J: Procedures for immunochemical study of histamine release from leukocytes with
small volume of blood. J ALLERGYCLIN IMMUNOL46:12, 1970
27. Nathan CF, Silverstein SC, Brukner LH, Cohn ZA: Extracellular cytolysis by activated macrophages and granulocytes. I.
Hydrogen peroxide as a mediator of cytotoxicity. J Exp Med
149:100, 1979
28. Bors W, Michel C, Saran IVl: On the nature of biochemically
generated hydroxyl radicals. Studies using the bleaching of Pnitrosodimethylaniline as a direct assay method. Eur J Biochem
95:621, 1979
29. Dvorak AM, Lett-Brown M, Thueson D, Grant JA: Complement-induced degranulation of human basophils. J lmmunol
126:523, 198l

