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Flavonols inhibit proinflammatory mediator release, intracellular
calcium ion levels and protein kinase C theta phosphorylation
in human mast cells
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1 Mast cells participate in allergies, and also in immunity and inflammation by secreting
proinflammatory cytokines.
2 Flavonoids are naturally occurring polyphenolic plant compounds, one group of which – the
flavonols, inhibits histamine and some cytokine release from rodent basophils and mast cells.
However, the effect of flavonols on proinflammatory mediator release and their possible mechanism
of action in human mast cells is not well defined.
3 Human umbilical cord blood-derived cultured mast cells (hCBMCs) grown in the presence of stem
cell factor (SCF) and interleukin (IL)-6 were preincubated for 15 min with the flavonols quercetin,
kaempferol, myricetin and morin (0.01, 0.1, 1, 10 or 100 mM), followed by activation with anti-IgE.
Secretion was quantitated for IL-6, IL-8, tumor necrosis factor-alpha (TNF-a), histamine and tryptase
levels.
4 Release of IL-6, IL-8 and TNF-a was inhibited by 82–93% at 100 mM quercetin and kaempferol,
and 31–70% by myricetin and morin. Tryptase release was inhibited by 79–96% at 100 mM quercetin,
kampferol and myricetin, but only 39% by morin; histamine release was inhibited 52–77% by the first
three flavonols, but only 28% by morin. These flavonols suppressed intracellular calcium ion
elevations in a dose–response manner, with morin being the weakest; they also inhibited
phosphorylation of the calcium-insensitive protein kinase C theta (PKC y).
5 Flavonol inhibition of IgE-mediated proinflammatory mediator release from hCBMCs may be due
to inhibition of intracellular calcium influx and PKC y signaling. Flavonols may therefore be suitable
for the treatment of allergic and inflammatory diseases.
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Introduction
Mast cells are important effector cells in IgE-mediated
reactions by secreting histamine, chymase, tryptase, leukotrienes (LTs), prostaglandin D2 (PGD2) and several multifunctional cytokines; they include interleukin-6 (IL-6), IL-8,
IL-13, tumor necrosis factor-alpha (TNF-a), stem cell factor
(SCF) and many chemotactic factors (Galli, 2000; Mekori &
Metcalfe, 2000). These cytokines contribute to the late-phase
allergic reactions and to allergic inflammation through the
recruitment of immune cells into the site of inflammation
(Wedemeyer et al., 2000; Theoharides & Cochrane, 2004).
Tryptase, expressed by all subsets of human mast cells and
*Author for correspondence at: Department of Pharmacology and
Experimental Therapeutics, Tufts University School of Medicine, 136
Harrison Avenue, Boston, MA 02111, U.S.A.;
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comprising up to 25% of the total intracellular proteins, has
emerged as an important mediator in allergic diseases
(Shaoheng et al., 1998). Tryptase and other serine proteases
are signaling molecules that cleave protease-activated surface
receptor-2 (PAR-2) leading to widespread inflammation
(Steinhoff et al., 2000; Cottrell et al., 2003). Calcium influx is
necessary for mast cell mediator secretion (Kimata et al.,
2000b) and PAR-2 activation has also been associated with a
brisk increase in intracellular calcium concentration (Dery
et al., 1998).
The limited number of mast cells obtained from normal
human tissues has led to increasing use of human umbilical
cord blood-derived cultured mast cells (hCBMCs), obtained by
culturing CD34 þ cells in the presence of SCF and IL-6 (Saito
et al., 1996; Kempuraj et al., 1999). hCBMCs are predominantly MCT (tryptase-positive and chymase-negative) rather
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than MCTC (tryptase- and chymase-double-positive) type
(Toru et al., 1998; Ahn et al., 2000). hCBMCs produce several
mediators that include histamine, tryptase, LTs, PGD2, IL-1,
IL-5, IL-6, IL-8, IL-13, SCF, TNF-a, granulocyte–macrophage colony-stimulating factor (GM-CSF) (Yanagida et al.,
1995; Ahn et al., 2000; Kimata et al., 2000b; Tachimoto et al.,
2000), as well as corticotropin-releasing hormone and its
structurally related urocortin (Kempuraj et al., 2004). Flavonoids is a group of naturally occurring polyphenolic compounds found in fruits, vegetables, nuts, seeds, herbs, spices
and red wine with antioxidant properties (Schroeter et al.,
2003; Huxley et al., 2004; Lako et al., 2004). Flavonoids
possess antiallergic, anti-inflammatory, cytoprotective and
anticarcinogenic activity (Herrmann, 1976; Duthie et al.,
1997; Middleton Jr et al., 2000; Theoharides et al., 2001).
Several flavonoids with a hydroxylation pattern on the B
phenolic ring, called flavonols, have been reported to inhibit
histamine release from murine mast cells (Foreman, 1984;
Middleton Jr, 1998) and basophils (Middleton Jr & Drzewiecki, 1985), as well as IL-6 and TNF-a release from
bone marrow-derived cultured murine mast cells and rat
peritoneal mast cells (Kimata et al., 2000b). Flavonoids are
also known to affect many enzyme systems such as tyrosine
and serine–threonine protein kinases, phospholipase A2,
phospholipase C and lipoxygenase, all involved in allergic
and inflammatory responses (Middleton Jr & Kandaswami,
1992). Certain flavonoids, such as quercetin, flavone
and luteolin, can inhibit histamine, LTs, PGD2 and
GM-CSF release from cultured human mast cells (Kimata
et al., 2000b; Theoharides et al., 2001), as well as IL-4 and
IL-13 from activated basophils (Hirano et al., 2004). Crosslinking of the high-affinity receptors for IgE (FceRI) induces
the activation of protein kinase C (PKC) and the elevation
of intracellular Ca2 þ concentration, believed to be the primary
synergistic signals required for secretion. Mast cells also
express the calcium-insensitive PKC isozyme theta (PKC y),
which is functional in FceRI-mediated activation (Liu et al.,
2001).
Here, we compared for the first time the effect of certain
flavonols on the secretion of granule-stored and newly
synthesized mediators, along with their effect on
two different targets, intracellular calcium ions and the
calcium-insensitive PKC y in hCBMCs. We showed
that quercetin and kaempferol, more than myricetin and
morin, inhibited secretion of proinflammatory cytokines; morin was the only flavonol that was a weak inhibitor of tryptase and histamine release as well as of
intracellular calcium levels. All flavonols inhibited activation
of PKC y.

Table 1

Methods
Flavonols
Flavonols quercetin, kaempferol, myricetin and morin were
purchased from Sigma (St Louis, MO, U.S.A.); they were
dissolved in dimethyl sulfoxide (DMSO) as 101 M stock
concentrations and stored at 201C. These flavonols were
selected because of previous evidence that they can inhibit
rodent mast cell secretion and the fact that they only varied in
the hydroxylation pattern of the B phenolic ring. They were
tested at 0.01, 0.1, 1, 10 and 100 mM. The working dilutions
were obtained in mast cell culture medium for the cytokine
(IL-6, IL-8, TNF-a) release and phosphorylated PKC y
(phospho-PKC y) experiments, while human Tyrode’s buffer
was used for the histamine, tryptase and intracellular calcium
measurement experiments. The maximum DMSO concentration present in the final working dilutions was 0.1% and this
concentration had no effect on the release of any of the
mediators studied (results not presented). These flavonols did
not affect viability of hCBMCs as determined by Trypan blue
exclusion up to 6 h of culture as required for cytokine release
(Table 1).

Cytokines and antibodies
Recombinant human stem cell factor (rhSCF) was kindly
provided by Amgen (Thousand Oaks, CA, U.S.A.). Antihuman-IgE was purchased from Dako Corporation (Carpinteria, CA, U.S.A.). Human myeloma IgE, mouse anti-human
mast cell tryptase monoclonal antibody and human IL-6 were
purchased from Chemicon International Inc. (Temecula, CA,
U.S.A.). Phospho-PKC y (Thr538) antibody and PhototopeHRP Western Blot Detection System (anti-rabbit IgG, HRPlinked antibody, anti-biotin, HRP-linked antibody, biotinylated Protein Ladder Detection Pack and 20X LumiGLO
Reagent, 20X Peroxide) were from Cell Signaling Technology
(Beverly, MA, U.S.A.).

Isolation of CD34 þ cells and mast cell culture
Human umbilical cord blood was collected as approved by the
Hospital’s Human Investigation Review Board in tubes
containing 10 U ml1 heparin and diluted 1 : 2 with Dulbecco’s
phosphate-buffered saline (DPBS) from GIBCO BRL (Life
Technologies, Grand Island, NY, U.S.A.) containing 2 mM
ethylenediamine-tetra acetic acid (Sigma). Nonphagocytic
mononuclear cells were separated by density-gradient centrifugation using Lymphocyte Separation Medium from Orga-
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Flavonols (mM)
0.01
0.1
1
10
100
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Quercetin

Kaempferol

96.371.2
96.071.0
95.771.5
97.071.0
96.371.5

96.071.0
97.071.0
96.073.0
96.372.1
96.072.0

% Viability
Myricetin
Morin
96.072.0
97.071.0
96.372.5
95.371.2
96.371.5

[DMSO] ¼ 0.1%, the highest concentration present in 100 mM flavonol dilutions.
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95.771.2
97.071.0
95.772.1
96.072.0
96.071.0

DMSO

Control

96.072.0

96.771.5
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non Teknika Corp. (Durham, NC, U.S.A.). The isolation of
hematopoietic stem cells (CD34 þ ) was performed by positive
selection of CD34 þ /AC133 þ cells by magnetic-associated cell
sorting using an AC133 þ cell isolation kit (Milltenyi Biotec,
Auburn, CA, U.S.A.). CD133 expression is restricted to a
subset of CD34bright-positive stem cells in human cord blood.
Previously, mast cells had been obtained by culturing cord
blood mononuclear cells in the presence of SCF, IL-6 and
PGE2 (Shichijo et al., 1998); however, PGE2 enhances SCF
and IL-6-dependent development of mast cells only from
mononuclear cells, but not from CD34 þ cells (Saito et al.,
1996). Consequently, no PGE2 was used in the present study.
Instead, hCBMCs were cultured as reported previously
(Kempuraj et al., 1999; 2003). Briefly, CD34 þ cells were
suspended in Iscove’s modified Dulbecco’s medium (GIBCO
BRL), supplemented with 100 ng ml1 rhSCF, 50 ng ml1 IL-6,
10% fetal bovine serum (FBS; Bio Whittaker, Walkesville,
MD, U.S.A.), 5  105 M 2-mercaptoethanol and 1% penicillin–streptomycin (GIBCO BRL) for 12–16 weeks. During this
culture period, the cells were washed with DPBS every week
and resuspended using fresh complete culture medium. The
purity of hCBMCs was evaluated by immunocytochemical
staining for tryptase as described previously (Kempuraj et al.,
1999), and mast cell viability was determined by Trypan blue
(0.3%) exclusion. hCBMCs are considered MCT, but by 12
weeks of culture when we use them, they are about 80%
positive for chymase and 100% positive for tryptase (Kanbe
et al., 1998; Kempuraj et al., 1999). hCBMCs from 71 different
cultures (ranging from 12 to 16 weeks) were used in this study.

Sensitization of mast cells
hCBMCs were washed with DPBS and plain culture medium
(without any growth factors) once in each and resuspended
in serum-free complete culture medium, but without IL-6
supplementation. Cells (1  106 cells ml1) were then incubated
with human myeloma-IgE (2 mg ml1) at 371C for 48 h in
24-well Falcon cell culture plates (Becton Dickinson, Franklin
Lakes, NJ, U.S.A.). These sensitized hCBMCs were used in all
the experiments.

Immunohistochemical staining for tryptase
The purity of hCBMCs was determined by immunostaining
for mast cell-specific tryptase. Cytospin smears of hCBMCs
were prepared using Cytospin 3 (Shandon, Pittsburgh, PA,
U.S.A.) and fixed with Carnoy’s solution (60% ethanol, 30%
chloroform and 10% glacial acetic acid) for 3 min and stained
for mast cell tryptase by the alkaline phosphatase antialkaline
phosphatase (APAAP) procedure using Dako APAAP Kit
system (Dako) as reported previously (Kempuraj et al., 1999;
2003). Briefly, the slides were incubated overnight at 41C with
mouse anti-human tryptase monoclonal antibody (Chemicon)
used at 1 mg ml1 in Tris-HCl-PBS (pH 7.6), plus 10% FBS.
The slides were then brought to room temperature (RT) and
were first incubated with rabbit antiserum (Ig fraction) to
mouse Ig for 30 min followed by incubation with the APAAP
immune complex for another 30 min. Between each incubation, the slides were rinsed in Tris-buffered saline (pH 7.6) for
10 min. The reaction was finally developed with substrate
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solution (napthol AS-MX phosphate, Fast Red and levamisole) for 20 min and then rinsed briefly in a water bath.
Negative controls were performed either by the omission of the
primary antibody or by using an isotype-matched mouse IgG1
antibody instead of the primary antibody.

IL-6, IL-8 and TNF-a assays
hCBMCs were washed with DPBS, sterile human Tyrode’s
buffer (133 mM NaCl, 4 mM KCl, 0.64 mM KH2PO4, 10 mM
HEPES, 1 g l1 glucose, 1 mM CaCl2, 0.6 mM MgCl2 and 0.03%
human serum albumin, pH 7.4) and plain culture medium,
once in each, and resuspended in complete culture medium but
without IL-6. The hCBMCs (2  105 cells well1) were plated in
96-well round-bottomed Falcon cell culture plates (Becton
Dickinson) and were incubated for 15 min at 371C in 5% CO2
incubator. The cells were then preincubated with the flavonols
for 15 min, at the concentrations indicated in the Results and
figure legends sections; following this preincubation, anti-IgE
(10 mg ml1) was added for activation and the cells were
incubated for 6 h as reported previously for cytokine release
assays (Tachimoto et al., 2000). After the reaction time was
over, the supernatant was gently collected from the wells and
stored at 801C until IL-6, IL-8 and TNF-a were measured
by enzyme-linked immunosorbent assay (ELISA) using commercial kits (Quantikine, R&D Systems, Minneapolis, MN,
U.S.A.). The minimum detectable level of IL-6, IL-8 and TNFa was typically less than 0.7, 10 and 4.4 pg ml1, respectively.
Control cells were treated with equal volume of culture
medium instead of flavonols; cells were also stimulated with
anti-IgE alone for comparison. The results are expressed as the
percent inhibition.

Tryptase and histamine assays
hCBMCs were washed with DPBS and human Tyrode’s buffer
once in each and resuspended in sterile human Tyrode’s buffer.
The cell suspension (5  104 cells tube1, 500 ml sample1) was
preincubated for 15 min at 371C in a shaking water bath and
then treated with flavonols for 15 min before incubating with
anti-IgE (10 mg ml1) for another 30 min, as shown in the
Results and figure legends sections. Control cells were treated
with equal volume of only Tyrode’s buffer instead of flavonols;
cells were also stimulated with anti-IgE alone for comparison.
After the reaction was over, the cells were centrifuged and
the supernatant fluid was collected; 500 ml of 2% perchloric
acid was then added to the pellet. The tryptase level in
the supernatant was measured (Kempuraj et al., 2003) by a
fluoroenzyme immunoassay using the Unicap Tryptase assay
kit and the Unicap 100 automated instrument (Pharmacia
& Upjohn, Uppsala, Sweden) as per the kit’s directions.
Histamine levels in the supernatant fluid and pellet were
measured as described previously (Kremzner & Wilson, 1961;
Kempuraj et al., 2003) using an LS-5B Luminescence Spectrometer (Perkin-Elmer, Norwalk, CT, U.S.A.). The percent
histamine release was then calculated as the percent of
total ¼ (supernatant/supernatant þ pellet)  100.

Intracellular calcium measurement
hCBMCs (2  106 cells ml1) were washed in DPBS and
resuspended in Tyrode’s buffer containing 2.5 mM probenecid
British Journal of Pharmacology
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and 2 mM cell-permeant fluorescent calcium indicator Calcium
Green-1 AM (Molecular Probes, Eugene, OR, U.S.A.) for
30 min at RT. The cells were again washed and resuspended
in fresh Tyrode’s buffer (106 cells ml1) and were pretreated
with various flavonols for 15 min as shown in the Results
and figure legends sections. The control hCBMCs were
treated with equal volume of Tyrode’s buffer alone. hCBMCs
were also incubated with anti-IgE alone for comparison. After
washing with Tyrode’s buffer, hCBMCs at 2  106 cells 2 ml1
were placed in a quartz cuvette with constant stirring with a
magnetic minibar at 371C, maintained by a closed-circuit,
temperature-regulated, water pump. Samples were excited at
506 nm and the fluorescence was monitored at 530 nm using a
Perkin-Elmer Fluorescence Spectrometer LS-50B (Norwalk,
CT, U.S.A.). After about 5 min of baseline recordings, the cells
were stimulated with anti-IgE (10 mg ml1) with continuous
recording for about 30 min. Results are presented in arbitrary
fluorescence units. This technique has been used successfully to
measure intracellular calcium levels (Takahashi et al., 1999) in
hCBMCs and also in human leukemic mast cells (HMC-1)
(Kandere-Grzybowska et al., 2003; Kempuraj et al., 2003).

Immunoblotting for PKC y
For the detection of phospho-PKC y, hCBMCs were washed
with plain culture medium and DPBS, once in each, were
resuspended in serum free complete culture medium and plated
in 12-well cell culture plate (2  106 cells 2 ml1 well1). These
cells were preincubated with different flavonols (104 M) for
15 min before incubation with anti-IgE (10 mg ml1) for 30 min
at 371C. The reaction was stopped by the addition of cold
DPBS to the wells. The cell suspension was removed from the
well, centrifuged and the supernatant was discarded. The cell
pellets were then lysed in 200 ml SDS sample buffer (62.5 mM
Tris-HCl (pH 6.8), 2% SDS, 19% glycerol, 50 mM DTT,
0.01% bromophenol blue), sonicated for 15 s at full power
(Sonicator Cell Disruptor, Model W185D, Heat System –
Ultrasonics Inc., Plainview, NY, U.S.A.), heated for 5 min at
1001C and immediately cooled on ice. Cell lysates (50 mg of
protein lane1) were loaded on 10% Tris-HCl precast minigels
(Bio-Rad Laboratories, Hercules, CA, U.S.A.). The separated
proteins were then transferred to polyvinylidene membrane
(Bio-Rad Laboratories, Hercules, CA, U.S.A.). Western blot
analysis was performed with Rabbit anti-phospho-PKC y
(Thr538) (Cell Signaling Technology) at 1 : 1000 dilutions
incubated overnight at 41C. The secondary antibody was goat
anti-rabbit HRP-linked IgG (Cell Signaling Technology) at
1 : 2000 dilution for 1 h at RT followed by HRP anti-biotin,
HRP-linked antibody (Cell Signaling Technology) at 1 : 1000
dilution for 1 h at RT to detect biotinylated protein markers
using the Phototope-HRP Western Blot Detection System
(Cell Signaling Technology) as per the directions of the
manufacturer. Blots were developed with the chemiluminescence detection system and imaged with Kodak Digital Science
1D Image Station (Eastman Kodak Company, Rochester, NY,
U.S.A.). Equal loading was verified by immunoblotting the
same membranes with rabbit anti-human b-actin (Cell Signaling Technology). The PKC y Western blot was scanned and
analyzed by densitometry; all samples were normalized with
their respective actin bands. Each normalized flavonol-treated
PKC y value was then compared with that obtained by antiIgE and the results are presented as % inhibition.
British Journal of Pharmacology
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Data analysis
Data are represented as mean7s.e.m. The results were
analyzed by one-way ANOVA followed by Tukey’s multiple
comparison test, and Dunn’s method/Mann–Whitney Test.
The level of significance was set at Po0.05 for all comparisons.

Results
Characterization of mast cells
hCBMCs cultured in the presence of SCF and IL-6 for 410
weeks were 100% positive for mast cell-specific tryptase by
immunohistochemical staining (Figure 1a and b). Preliminary
results showed that 15 min preincubation with 100 mM flavonols resulted in maximal inhibition of cytokines, as well as
tryptase and histamine release (results not shown); this
preincubation time was used thereafter. Sensitized hCBMCs
were preincubated with quercetin, kaempferol, myricetin or
morin at 0.01, 0.1, 1, 10 and 100 mM for 15 min and then
stimulated with anti-IgE for 6 h. No flavonol affected the
viability of either control or stimulated hCBMCs (n ¼ 3) at any
concentration used (Table 1).

Figure 1 Photomicrographs of 14 week old hCBMCs immunostained for mast cell-specific tryptase using mouse anti-human
tryptase monoclonal antibody. Note that 100% of hCBMCs are
tryptase positive; panels a and b show low and high magnifications
of tryptase-positive hCBMCs, respectively.
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Cytokine release
hCBMCs (n ¼ 4–7) stimulated with anti-IgE for 6 h at 371C
released significantly (Po0.05) more IL-6, IL-8 and TNF-a (2237
23 pg 106 cells, 14,00071700 pg 106 cells, 11877100 pg 106
cells, respectively) when compared to control hCBMCs treated
with equal amount of culture medium only (9977 pg 106
cells, 36007900 pg 106 cells, 10779.0 pg 106 cells, respectively). Preincubation of hCBMCs for 15 min with quercetin,
kaempferol, myricetin and morin significantly inhibited antiIgE-stimulated IL-6 release, and the inhibition was 9071.3,
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9371.5, 5371.6 and 3178.2%, respectively, at 100 mM and
the inhibition was 6972.4, 2773.2, 2471.9 and 2079.3%,
respectively, at 10 mM (Figure 2a). Only quercetin, kaempferol
and myricetin inhibited IL-6 release at 1 mM and the inhibition
was 2475.7, 1775.8 and 1674%, respectively.
Only quercetin and kaempferol at 10 mM significantly
inhibited IL-8 release (6372.9 and 4973.6% inhibition,
respectively); at 100 mM, the inhibition was 8771.7 and
8272.4%, respectively (Figure 2b). Myricetin and morin
significantly inhibited IL-8 release only at 100 mM (3678.0
and 5574.3% inhibition, respectively) from hCBMCs

Figure 2 Dose–response effect of flavonols on anti-IgE-mediated cytokine release from hCBMCs (n ¼ 4–7). hCBMCs were
pretreated with flavonols quercetin, kaempferol, myricetin and morin each at 0.01, 0.1, 1, 10 and 100 mM for 15 min and then
incubated with anti-IgE (10 mg ml1) for 6 h at 371C. Control cells were treated with equal volume of culture medium only. IL-6, IL-8
and TNF-a levels were measured in the supernatant fluid by ELISA. These flavonols significantly inhibited IL-6 (a), IL-8 (b) and
TNF-a (c) release at certain concentrations. Values are expressed as the percent inhibition of the anti-IgE-mediated cytokine release.
Each value represents the mean7s.e.m. *Significant difference (Po0.05) compared to samples treated with anti-human-IgE alone.
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(Figure 2b). Quercetin, kaempferol, myricetin and morin
significantly inhibited TNF-a release at 100 mM (9070.7,
9071.2, 51715 and 7075.0%, inhibition, respectively) as
shown in Figure 2c, and at 10 mM, the inhibition was 8375.7,
6074.4, 41719 and 48712.5% inhibition, respectively.

Tryptase release
hCBMCs (n ¼ 6–16) stimulated with anti-IgE for 30 min at
371C released significantly (Po0.05) more tryptase
(20707404 ng 106 cells) when compared to control hCBMCs
(4774.0 ng 106 cells) treated with equal volume of Tyrode’s
buffer only. Preincubation of hCBMCs for 15 min with
quercetin significantly inhibited anti-IgE-mediated tryptase
release (Figure 3a) at 1, 10 and 100 mM (2979.0, 5078 and
7971.9% inhibition, respectively); myricetin significantly
inhibited at 10 and 100 mM (50.0719 and 9571.9% inhibition,
respectively); kaempferol and morin significantly inhibited
tryptase release only at 100 mM (9071.1 and 39713%
inhibition, respectively).

Histamine release
hCBMCs (n ¼ 6–31) incubated with anti-IgE for 30 min
at 371C released significantly (Po0.05) more histamine
(4473.0%) when compared to control hCBMCs
(1471.1%) treated with equal amount of Tyrode’s buffer
only. Preincubation of hCBMCs for 15 min with quercetin
significantly
inhibited
anti-IgE-stimulated
histamine
release (Figure 3b) at 1, 10 and 100 mM (1774, 2973.0 and
5272.0% inhibition, respectively); myricetin significantly
inhibited at 10 and 100 mM (3775.5 and 7774.7% inhibition,
respectively). Kaempferol and morin significantly inhibited
histamine release only at 100 mM (6774.0 and 2874%
inhibition, respectively).

Intracellular calcium ion levels
In order to study the mechanism of flavonol inhibition of
mediator release from hCBMCs, we investigated their effects
on intracellular calcium ion levels (n ¼ 3). hCBMCs were
first loaded with the cell-permeant, calcium-sensitive fluorescent indicator Calcium Green-1 AM and the fluorescence intensity was measured in cell suspensions. Control
hCBMCs treated only with Tyrode’s buffer did not show
any increase in intracellular calcium level over 30 min
recording (Figure 4a); however, hCBMCs stimulated by antiIgE increased intracellular calcium ion levels within a few
sections (Figure 4b) indicating cell activation. hCBMCs were
next pretreated for 15 min with quercetin, kaempferol,
myricetin or morin at 0.1, 10 and 100 mM before activation
with anti-IgE for 30 min. Figure 4c–f are representative
tracings of the inhibition of intracellular calcium levels by
flavonols at 100 mM. Quercetin showed maximal inhibition and
morin showed the least inhibition of intracellular calcium
elevations when compared with hCBMCs treated with antiIgE alone (Figure 4g). Quercetin, kaempferol and myricetin
significantly decreased intracellular calcium levels at 10 and
100 mM, while morin showed inhibition only at 100 mM
(Figure 4g).
British Journal of Pharmacology

Figure 3 Dose–response effect of flavonols on anti-IgE-mediated
tryptase (n ¼ 6–16) and histamine release (n ¼ 6–31) from hCBMCs.
hCBMCs were pretreated with quercetin, kaempferol, myricetin and
morin each at 0.01, 0.1, 1, 10 and 100 mM for 15 min and then
incubated with anti-IgE (10 mg ml1) for 30 min in Tyrode’s buffer at
371C in a shaking water bath. Control cells were treated with equal
volume of Tyrode’s buffer only. Tryptase and histamine levels were
measured in the supernatant fluid by fluoroenzyme immunoassay
using the Unicap Tryptase assay kit and Luminescence Spectrometer, respectively. The mean net anti-IgE-mediated tryptase and
histamine release were significantly higher than the control release.
These flavonols significantly inhibited tryptase release (a), as well as
histamine release (b) at higher concentrations. Values are expressed
as the percent inhibition of the anti-human-IgE-mediated tryptase
or histamine release. Each value represents the mean7s.e.m.
*Significant difference (Po0.05) compared to samples treated with
anti-IgE alone.

Phospho-PKC y levels
Anti-IgE stimulated phosphorylation of PKC y in hCBMCs
(n ¼ 3) as determined with anti-phospho-PKC y (Thr538)

D. Kempuraj et al
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Figure 4 Effect of flavonols on anti-IgE-mediated elevation of intracellular calcium levels in hCBMCs (n ¼ 3). Intracellular
calcium levels were measured using an automated spectrometer. hCBMCs were loaded with the cell permeant fluorescent calcium
indicator Calcium Green-1 AM for 30 min at room temperature. The samples were excited at 506 nm and the fluorescence level was
recorded. Control hCBMCs treated with equal volume of Tyrode’s buffer alone did not show any increase in intracellular calcium
ion levels in 30 min (a); however, hCBMCs treated with anti-IgE (10 mg ml1) for 30 min showed substantial elevation of intracellular
calcium ion levels (b) indicating mast cell activation. hCBMCs were pretreated for 15 min with quercetin, kaempferol, myricetin or
morin at 0.1, 10, and 100 mM before activation with anti-IgE for 30 min; these flavonols at 10 and 100 mM concentrations showed
substantial inhibition of intracellular calcium ion elevation (c, d, e and f, respectively) compared to hCBMCs treated only with antiIgE (b). c, d, e and f show representative of the inhibition of intracellular calcium levels by flavonols at 100 mM. The % inhibition of
intracellular calcium elevations by flavonols has been shown in (g) Quercetin showed more inhibition of anti-IgE-induced
intracellular calcium ion elevation. Results are presented as arbitrary fluorescence units and are representative of three or more
similar experiments. *Significant difference (Po0.05) compared to samples treated with only anti-IgE.

(Figure 5). Preliminary studies showed that 30 min incubation
(selected from 1 to 120 min time course) with anti-IgE yielded
maximal PKC y phosphorylation (results not shown).
The preincubation of hCBMCs with flavonols (100 mM) for
15 min prior to incubation with anti-IgE for 30 min inhibited
PKC y phosphorylation (Figure 5). Quercetin showed more
inhibition than all other flavonols used (Figure 5). Equal
loading was verified by immunoblotting the same membranes

with antibody to b-actin (Figure 5). The band intensity was
then normalized by obtaining the ratio of the densitometric value of b-actin over that of phospho-PKC y. These
ratios were 0.3570.22 for the control; 0.9370.06 for
anti-IgE; 0.6570.32 for quercetin and anti-IgE; 0.7270.20
for kaempferol and anti-IgE; 0.7470.14 for myricetin
and anti-IgE and 0.7770.16 for morin and anti-IgE
(Table 2). The corresponding inhibition for quercetin,
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Densitometry of PKC y and b-actin bands (arbitrary units)

No.
1
2
3
Normalized ratio
(PKC y/b-actin)
Mean7s.d.
% Inhibition

Control
Anti-IgE
Quercetin+anti-IgE Kaempferol+anti-IgE Myricetin+anti-IgE Morin+anti-IgE
PKC y b-actin PKC y b-actin PKC y
b-actin
PKC y
b-actin
PKC y
b-actin PKC y b-actin
69
35
27

115
144
129

0.60
0.24
0.21
0.3570.22

148
130
105

148
145
119

1.00
0.90
0.88
0.9370.06

125
74
52

123
142
122

1.02
0.52
0.43
0.6570.32
48

Figure 5 Effect of flavonols on anti-human-IgE-mediated PKC y
phosphorylation in hCBMCs (n ¼ 3). Incubation of hCBMCs with
anti-human-IgE (10 mg ml1)-stimulated phosphorylation of PKC y
as determined with phospho-PKC y (Thr538) antibody. However,
preincubation of hCBMCs with various flavonols (100 mM)
for 15 min prior to incubation with anti-IgE for 30 min inhibited
PKC y phosphorylation. Figure is a representative of three similar
experiments. Equal loading was verified by immunoblotting the
same membranes with antibody to actin.

kaempferol, myricetin and morin was 48, 36, 32 and 28%,
respectively.

Discussion
In the present study, we report on the comparative inhibitory
effect of certain flavonols on hCBMCs secretion of inflammatory cytokines (IL-6, IL-8 and TNF-a) and preformed granulestored tryptase and histamine, as well as on intracellular
calcium ion levels and phosphorylation of PKC y. These
flavonols included quercetin, kaempferol, myricetin and
morin, which differ only on the hydroxylation pattern of the
B phenolic ring. The extent of the inhibition, for at least TNFa, was much more potent than that reported for the ‘mast cell
stabilizer drug disodium cromoglycate’ and nedocromil, which
inhibited TNF-a release from rat peritoneal mast cells by 20%
at 105 M (Bissonnette et al., 1995). All flavonols but not morin
significantly inhibited anti-IgE-mediated release of IL-6 from
1 mM. Cytokine levels were measured 6 h after stimulation
because cytokine production by hCBMCs after stimulation
with anti-IgE reached a plateau by 6 h (Tachimoto et al.,
British Journal of Pharmacology

131
84
79

138
146
125

0.95
0.58
0.63
0.7270.20
36

117
83
92

136
142
117

0.86
0.58
0.79
0.7470.14
32

120
86
96

130
143
124

0.92
0.60
0.77
0.7770.16
28

2000); histamine release was measured after 30 min incubation
as described previously (Igarashi et al., 1996). The results on
mediator release are presented as the percent inhibition in
order to normalize baseline differences between cultures; that
might be due to variation among the individual batches of
hCBMCs obtained from different donors, as reported previously (Yamaguchi et al., 1999; Tachimoto et al., 2000). The
different flavonols were not equally effective in inhibiting
histamine and tryptase release. Morin showed less inhibition
than other flavonols. In general, all the flavonoids inhibited
cytokine release more efficiently than tryptase or histamine
release. Kaempferol inhibited cytokine release more than
histamine or tryptase release; it may be that kaempferol’s
inhibition of PKC y is more directly involved with the release
of cytokines than preformed mediators such as tryptase and
histamine.
We and others had previously reported that anti-IgE induces
the release of cytokines, histamine and tryptase from hCBMCs
(Igarashi et al., 1996; Kempuraj et al., 2002). Quercetin had
been reported to inhibit histamine release from rat connective
tissue mast cells and mucosal mast cells (Pearce et al., 1984), as
well as from human lung and intestinal mast cells (Fox et al.,
1988). Quercetin and luteolin were also shown to inhibit
histamine, IL-6 and TNF-a production from bone marrowderived cultured murine mast cells (Kimata et al., 2000a), while
myricetin inhibited histamine and LTB4 release from rat
peritoneal exudate cells (Yamada et al., 1999) and downregulated transcription factor NF-kB/IkB involved in immune
and inflammatory responses (Tsai et al., 1999). These flavonols
also inhibited IL-4, IL-5 and IL-13 secretion from human
basophils (Higa et al., 2003). A similar rank of potency
(quercetin4kaempferol4morin) was also reported in the
inhibition of proliferation and mediator accumulation in
human leukemic mast cells (HMC-1) (Alexandrakis et al.,
2003).
We chose to study two different signal transduction steps,
intracellular calcium elevations and the calcium-insensitive
PKC y. Previous studies had reported that activation of
hCBMCs by anti-IgE increased intracellular calcium levels
(Saito et al., 1996; Kempuraj et al., 2003), a necessary step for
mediator secretion (Douglas, 1974). Fewtrell & Gomperts
(1977) had first shown that quercetin could inhibit calcium
influx in rat peritoneal mast cells. Previous reports showed that
IgE-mediated release of histamine and LTs was abolished after
calcium depletion (Kimata et al., 1999). It was also shown that
quercetin could inhibit ionophore-induced histamine release
from rat peritoneal mast cells, suggesting that it had actions
other than antigen-induced calcium influx (Ennis et al., 1981).
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Another report also suggested that cytokine release from
HMC-1 stimulated by a combination of the cation ionophore
A23187 and phorbol myristate acetate for 24 h was not
dependent on extracellular calcium (Lippert et al., 2000).
Morin’s inhibition of calcium ion is disproportionate to the
inhibition of histamine and tryptase; this discrepancy points to
the fact that inhibition of calcium entry is not sufficient to
inhibit degranulation that may also utilize calcium released
from intracellular stores.
PKC translocation and phosphorylation has also been
shown to be critical for secretion of mast cells (Kimata et al.,
1999) and rat basophil leukemia (RBL) cells (Sagi-Eisenberg
et al., 1985). About 12 closely related PKC isozymes have been
described and classified into three subfamilies based on their
ability to respond to Ca2 þ and diacylglycerol (DAG) (Trushin
et al., 2003). The calcium-dependent or conventional PKC
isoforms (a, b and g) are regulated by DAG, which binds to the
C1 domain (Trushin et al., 2003). The calcium-independent or
novel PKC isoforms (d, e, Z, m and y) are not regulated by
Ca2 þ , but respond to DAG (Trushin et al., 2003). The atypical
PKC isoforms (z and m) are regulated neither by Ca2 þ nor
DAG. Of the novel PKC isoforms, only y is associated with
FceRI-mediated activation of mast cells (Liu et al., 2001),
while most of the others are either involved in the inhibition of
secretion or not at all. We selected to study PKC y, the activity
of which is not regulated by Ca2 þ , because it is also involved
in allergic activation of mast cells (Liu et al., 2001). Here, we
showed that flavonols at 10 and 100 mM inhibited anti-IgEmediated intracellular calcium ion levels, except morin
at 10 mM. These flavonols also inhibited phospho-PKC y at
100 mM; this concentration was selected for testing because
it showed the highest inhibition of mediator release from
hCBMCs. However, our preliminary studies indicate that lower
concentrations of flavonols show corresponding inhibition of
PKC y phosphorylation. These results suggest that PKC y
activation may be important in IL-6 release, such as the selective
release induced by IL-1 reported recently not to depend on
extracellular calcium (Kandere-Grzybowska et al., 2003).
It was previously reported that quercetin inhibited histamine
release and calcium influx, as well as extracellular signalregulated kinase translocation and c-Jun NH2-terminal kinase,
but not activation of p38-mitogen-activated protein kinase
from hCBMCs (Kimata et al., 2000b). Moreover, quercetin
also inhibited collagen-stimulated platelet activation, as well as
tyrosine phosphorylation of the Fc receptor g-chain, Syk, LAT
and phospholipase Cg2 (Hubbard et al., 2003). Another
flavonol, fisetin, reduced cation ionophore A23187 and
phorbol ester-induced IL-4, IL-13 and IL-15 synthesis, but
not IL-6 and IL-8 production from the human basophilic cell
line KU812 (Higa et al., 2003).
Recent reviews have discussed the possible structural
requirements for the inhibitory action of flavonols on secretory
processes (Middleton Jr et al., 2000; Theoharides et al., 2001),
as well as on adhesion molecule expression (Chen et al., 2004).
The flavonoid basic structure is comprised of two phenolic
rings (A and B) linked through a heterocyclic pyran or pyrone
ring (C) in the middle. The inhibitory effect of flavonols
requires in the presence of the C ring of an oxy group at
position 4, a double bond between carbon atoms 2 and 3 and a
hydroxyl group in position 3. The catechol (o-dihydroxy)
group in the B ring, as in quercetin, confers further potent
inhibitory ability, as does the presence of hydroxy groups in
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kaempferol and myricetin. Structural requirements were
shown to be similar to those for fisetin’s inhibitory action on
antigen-induced IL-4 and TNF-a secretion from RBL cells
(Higa et al., 2003). Our present study extends these findings
(Middleton Jr et al., 2000; Theoharides et al., 2001) and
confirms that addition of one hydroxyl group at position 20 of
the B ring (as in morin) reduces its ability to inhibit especially
histamine and tryptase secretion and intracellular calcium ion
levels, even though it can still inhibit PKC y phosphorylation
and cytokine secretion. This finding is supported by previous
reports that morin did not inhibit polymorphonuclear
leukocyte functions (Berton et al., 1980) or mitogen-induced
lymphocyte proliferation (Namgoong et al., 1994). Quercetin,
myricetin, kaempferol, but not morin, inhibited RBL cell
secretion (Trnovsky et al., 1993).
Cytokines produced by mast cells and basophils are
associated with the development of allergic inflammation
(Costa et al., 1997). Flavonoids have been reported to improve
allergic symptoms or prevent the development of allergic
diseases (Miller, 2001; Hirano et al., 2004). Moreover, oral
administration of astragalin, which is absorbed and converted
into kaempferol, suppressed the onset of dermatitis in NC/Nga
mice (Kotani et al., 2000), while the naturally occurring
quercetin glycoside rutin, which is converted into quercetin
in the intestine, showed antiarthritic actions (Ostrakhovitch &
Afanas’ev, 2001). The principal sources of dietary flavonols
are tea, onions, apples and seeds. In plants, flavonoids
generally occur in glycosylated form (e.g. rutin is the
glycosylated form of quercetin). Biotransformation in the gut
occurs by ring scission under the influence of intestinal
microorganisms that release these phenolic acid derivatives.
For instance, plasma quercetin concentration following ingestion of fried onions containing quercetin glycosides equivalent
to 64 mg of quercetin aglycone (a typical daily diet) led to peak
plasma levels of 196 ng ml1 after 2.9 h, with a half-life of
16.8 h (Theoharides et al., 2001). This actually translates to a
concentration of 0.65 mM (assuming one compartment model),
while the best inhibition in our studies was obtained with
10–100 mM, which could be attained with a dietary supplement
of about 1000 mg quercein per day (Theoharides, 2003).
Although 1–100 mM appear to be high, this concentration
may be achieved in the body with diet containing high
flavonols/flavonol dietary supplements, as reported previously
for the dietary sources and intake of flavonoids (Aherne &
O’Brien, 2002).
In conclusion, our results indicate that quercetin4kaempferol4myricetin and 4morin can inhibit FceRI-mediated
release of proinflammatory cytokines, tryptase and histamine
from hCBMCs; this inhibition appears to involve inhibition of
calcium influx, as well as phospho-PKC y. Some flavonols
could, therefore, be useful in allergic and inflammatory
diseases (Theoharides & Cochrane, 2004).
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