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Formononetin ameliorates mast cell-mediated allergic
inflammation via inhibition of histamine release and
production of pro-inflammatory cytokines
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Abstract. Various allergic diseases cause allergic inflam-
mation, which is mediated by mast cells. The current study
investigated the anti-allergic inflammatory effects of
formononetin and its mechanism of action in vitro using mast
cells. Levels of histamine and pro-inflammatory cytokines,
including tumor necrosis factor-o. (TNF-a), interleukin (IL)-1p
and IL-6, were measured to assess the effects of formononetin
on allergic inflammation. The activation of intracellular
calcium and nuclear factor (NF)-«xB, as well as the activity
of caspase-1, were assessed to determine the mechanism of
action. It was determined that difference concentrations
of formononetin (0.1, 1 and 10 xM) suppressed histamine
release and secretion of TNF-a, IL-1p and IL-6. Further
investigations indicated that the effects of formononetin were
associated with a reduction of intracellular calcium, suppres-
sion of NF-«B activation and upstream IxKo phosphorylation
and inhibition of caspase-1 activity. Therefore, the results of
the current study demonstrated that formononetin ameliorated
mast cell-mediated allergic inflammation.

Introduction

Allergic diseases, including asthma, atopic dermatitis, sinus-
itis, food allergies and anaphylaxis are induced by allergens
and exhibit adaptive allergic inflammation. Mast cells are the
effector cells during the mediation of allergic inflammation.
Following exposure to external allergens, the cross-linking
of immunoglobulin (Ig) E antibodies occurs and leads to
aggregations of the IgE specific receptor (FceR), which binds
to the surface of mast cells (1). Subsequently, histamine is
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released and cytokines, chemokines, proteases and eico-
sanoids are secreted following the degranulation of mast
cells (2). Histamine released from degranulated mast cells
immediately initiates hypersensitivity and vasodilation and
increases the permeability of vessels that have been exposed
to external allergens (3). Pro-inflammatory cytokines secreted
in mast cells, including tumor necrosis factor (TNF)-a, inter-
leukin (IL)-1p and IL-6 mediate the chronic inflammatory
response (4).

Signaling in mast cells following allergic inflammation
has been widely studied. Tyrosine-protein kinase Lyn and
tyrosine-protein kinase Syk activated by the aggregation of
FceR induce the phosphorylation of phosphoinositide 3-kinase
(PI3K) and the phosphorylated PI3K stimulates protein
kinase B (Akt) and phospholipase C (PLC)y (5). Subsequently,
Akt and protein kinase C (PKC) phosphorylate the inhibitor
of kB (IkB) kinase (IKK) (6). This phosphorylation of IKK
stimulates the phosphorylation of nuclear factor (NF)-«B
inhibitor o (IkBa) and results in the degradation of IkBa
via the ubiquitin-proteasome pathway (7). NF-xB bound to
IkBa, an important transcriptional factor in inflammation,
is activated by phosphorylation following the degradation of
IxBa. Activated NF-«xB is translocated into the nucleus and
regulates the expression of pro-inflammatory cytokine genes,
including TNF-a, IL-1p and IL-6, as well as the production of
caspase-1 (8,9). Caspase-1 is a member of the cysteine-aspartic
acid protease (caspase) family and participates in the break-
down of proteins to produce aspartic acid residues. Activated
caspase-1 induces inflammation by increasing the secretion
of pro-inflammatory cytokines (10). In addition, PLCy cata-
lyzes the synthesis of inositol 1,4,5-trisphosphate (IP3). IP3
is usually bound to the receptors on the surface of the endo-
plasmic reticulum (ER) and stimulates the transient movement
of calcium stored in the ER into the cytoplasm. The decrease
in calcium concentration in the ER causes an immediate
influx of calcium into the cell. Consequently, the intracellular
calcium concentration increases, promoting the degradation of
mast cells and the subsequent secretion of pro-inflammatory
cytokines (11).

Formononetin is a natural isoflavone found in many
medicinal plants, including Pongamia pinnata (12),
Astragalus membranaceus (13), Ononis angustissima (14) and
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Trifolium pretense (15). Studies investigating formononetin
have demonstrated that it upregulates nitric oxide
synthase (16), inhibits angiogenesis and tumor growth (17)
and induces the apoptosis of human osteosarcoma cells (18).
Therefore, the present study investigated the anti-allergic
inflammatory effects of formononetin and its mechanism of
action.

Materials and methods

Reagents. Formononetin was supplied by Dalian
Meilun Biology Technology Co., Ltd. (Dalian, China).
Anti-dinitrophenyl (DNP) IgE, DNP-human serum albumin
(HSA) and a total RNA purification kit were obtained from
Sigma-Aldrich; Merck KGaA (Darmstadt, Germany).
Dulbecco's modified Eagle's medium (DMEM) was purchased
from Gibco; Thermo Fisher Scientific, Inc. (Waltham, MA,
USA). Fluo-3/AM was purchased from the Beyotime Institute
of Biotechnology (Nantong, China). The luciferase assay
system was supplied by Promega Corporation (Madison,
WI, USA). The Lipofectamine 2000 transfection reagent was
obtained from Invitrogen; Thermo Fisher Scientific, Inc. and
the caspase-1 fluorometric assay kit was supplied by AmylJet
Scientific Inc. (Wuhan, China). ELISA kits for TNF-a (cat
no. HO52), IL-1p (cat no. H002), IL-4 (cat no. HOO5) and IL-6
(cat no. HOO7) were purchased from the Nanjing Jiancheng
Bioengineering Institute (Nanjing, China).

Cell culture. RBL-2H3 cells were obtained from the Cell Bank
of the Type Culture Collection of the Chinese Academy of
Sciences (Shanghai, China). Cells were cultured in DMEM with
10% fetal bovine serum, 100 U/ml penicillin and 100 pxg/ml
streptomycin at 37°C in a humidified 5% CO, atmosphere.
Cells were divided into a control group and experimental
groups. The cells in experimental groups were sensitized
with anti-DNP IgE (10 pxg/ml) for 16 h and pretreated with
concentrations of formononetin (0, 0.1, 1 and 10 M) prior
to treatment with of DNP-HSA (500 ng/ml). The cells in the
control group were maintained in the normal aforementioned
conditions.

Histamine release assay. The level of released histamine in
the culture media was measured to assess the degranulation of
mast cells, using the o-phthaldialdehyde spectrofluorometric
method (19). RBL-2H3 cells (1x10%/well) were sensitized with
anti-DNP IgE (10 pg/ml) and incubated overnight. Following
pretreatment with or without formononetin (0.1, 1 and 10 M)
for 30 min according to previous studies (3,6), DNP-HSA
(500 ng/ml) was added to the cells and they were incubated
at 37°C for 2 h. The cells were separated from the media by
centrifugation at 400 x g for 5 min at 4°C. The fluorescence
intensity was determined using a fluorescence plate reader and
the excitation and emission wavelengths were set at 360 and
440 nm, respectively.

Secretion of TNF-a, IL-15 and IL-6. RBL-2H3 cells were
treated as aforementioned and the supernatant was collected
for analysis. TNF-a, IL-1p and IL-6 levels were determined
using ELISA kits following the manufacturer's instructions.
The absorbance of each sample was recorded on a microplate
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reader at 450 nm. The results were expressed as pg/ml derived
from standard curves.

RNA extraction and reverse transcription polymerase chain
reaction (RT-PCR). Following stimulation with DNP-HSA in
the presence or absence of formononetin, the total cellular
RNA of RBL-2H3 cells was isolated using the total RNA
purification kit following the manufacturer's protocol. The first
strand cDNA was synthesized from 2 ug total RNA using
oligo (dT) primers. Following heating at 70°C for 5 min and
the chilling on ice, the reaction system was mixed with avian
myeloblastosis virus reverse transcriptase (AMV RT; Promega
Corporation, Madison, WI, USA) together with 5X AMV RT
reaction buffer and dNTP mix. The reaction system was then
incubated at 42°C for 60 min. PCR was performed to analyze
the expression of TNF-a, IL-1f3, IL-6 and -actin mRNA. The
primer sets for the cytokines used were as follows: TNF-a
forward, 5"TCCCAAATGGGCTCCCTCTC-3' and reverse,
5'-AAATGGCAAACCGGCTGACG-3'; IL-1p forward,
5'-GCTGTGGCAGCTACCTATGTCTTG-3' and reverse,
5'-AGGTCGTCATCATCCCACGAG-3'; IL-6 forward,
5'-TGTGCAATGGCAATTCTGAT-3' and reverse,
5'-GAGCATTGGAAGTTGGGGTA-3', as outlined in a
previous study (20). The amplified products were separated by
electrophoresis with 2% agarose gel containing ethidium
bromide and visualized on a Motic Images Advanced 3.2
imager system (Motic Incorporation, Ltd., Xiamen, China).

Level of intercellular calcium. The level of intracellular
calcium was determined using Fluo-3/AM molecular fluores-
cence probes following the manufacturer's instructions. Briefly,
RBL-2H3 cells were pre-incubated with Fluo-3/AM at 37°C
for 1 h and the dye was then washed from the surface of cells.
Cells were treated with or without formononetin at 37°C for
30 min prior to stimulation with DNP-HSA for 2 h. The excita-
tion and emission wavelengths were set at 488 and 525 nm,
respectively and measured using a fluorescence plate reader.

Protein extraction. The RBL-2H3 cells were pretreated
prior to stimulation with DNP-HSA. Nuclear and cytosolic
proteins were extracted, following a previously established
protocol (17). Cells were lysed with ice-cold lysis buffer
[10 mM HEPES/KOH, 2 mM MgCl,, 0.1 mM EDTA, 10 mM
KCI, 1 mM dithiolthreitol (DTT), 0.5 mM phenylmethane
sulfonyl fluoride (PMSF), 5 ug/ml leupeptin/aprotinin], left on
ice for 5 min, then vortexed and centrifuged at 1,200 x g for
5 min. The supernatant, which consisted of cytosolic proteins,
was collected. Following washing with PBS, the pellets were
suspended in another ice-cold buffer (50 mM HEPES/KOH,
50 mM KCI, 300 mM NacCl, 0.1 mM EDTA, 10% glycerol,
1 mM DTT, 0.5 mM PMSF, 5 pg/ml leupeptin/aprotinin) and
incubated on ice for 20 min. The solution containing nuclear
protein was vortexed and centrifuged at 15,000 x g for 5 min
at 4°C. The supernatant consisting of nuclear protein extracts
was collected for analysis.

Western blot analysis. After determination of total protein
using a BCA kit (A045-4; Nanjing Jiancheng Bioengineering
Institute), the collected protein extracts were subjected to
electrophoresis on 10% SDS-PAGE (50 ug protein per lane)
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and transferred to a nitrocellulose membrane. Membranes
were then blocked with 5% nonfat milk for 1 h at room
temperature. The expression of nuclear NF-kB, IxBa and
caspase-1 was detected using anti-NF-«kB (cat no. 3039),
anti-IkBa (cat no. 9246) and anti-caspase-1 (cat no. 2225)
antibodies (all 1:1,000; all from Cell Signaling Technology
Inc., Danvers, MA, USA), which were incubated at 4°C
overnight. The antibody of (-actin (1:1,000; cat no. 21338;
Nanjing Jiancheng Bioengineering Institute) was used as the
reference. The membranes were then incubated with horse-
radish peroxidase-conjugated secondary antibody (1:5,000;
cat no. 112-035-044; Jackson ImmunoResearch Laboratories
Inc., West Grove, PA, USA) for 1 h at room temperature and an
ECL kit (cat no. W028-1; Nanjing Jiancheng Bioengineering
Institute) was used to visualize the immunoblots.

Cell transfection and dual-luciferase (firefly luciferase and
Renilla luciferase) reporter assay for NF-xkB. RBL-2H3
cells (1x10%well) were co-transfected with 100 ng NF-xB
luciferase reporter plasmid pGL4.32 and 9.6 ng Renilla
luciferase reporter vector plasmid pRL-TK per well (Promega
Corporation, Madison, WI, USA). Transfection was performed
over 24 h using Lipofectamine 2000 following the manufac-
turer's protocol. Medium was replaced with fresh serum-free
medium. Cells were treated with or without formononetin prior
to stimulation with DNP-HSA. Cells were then washed with
ice-cold saline buffer and lysed with lysis buffer following the
manufacturer's instructions. 20 h following transfection, lucif-
erase activity was determined using the luciferase reporter
assay system. Relative luciferase activity was determined
by normalizing the firefly luciferase activity vs. the internal
control Renilla luciferase.

Caspase-1 activity assay. Caspase-1 activity was measured
using a fluorometric assay kit following the manufacturer's
instructions. Cells were pretreated in the presence or absence of
formononetin for 30 min prior to stimulation with DNP-HSA.
Cells were then lysed and centrifuged at 10,000 x g for
1 min at room temperature. The supernatant was incubated
with the fluorescence substrate Y VAD-AFC at 37°C for 2 h.
Fluorescence intensity was measured on the fluorescence plate
reader at an excitation wavelength of 400 nm and an emission
wavelength 505 nm.

Statistical analysis. Data are expressed as the mean + standard
deviation. GraphPad Prism 5.0 (GraphPad Software, Inc., La
Jolla, CA, USA) was used for statistical analysis. The experi-
mental data from different groups were analyzed by one way
analysis of variance followed by a Dunnett's t-test for multiple
comparisons. Student's t-test was used for single comparisons.
P<0.05 was determined to indicate a statistically significant
difference.

Results

Effect of formononetin on histamine release. The level of
released histamine in the culture medium was determined
to assess the extent of mast cell degranulation. Following
stimulation with DNP-HSA, the release of histamine was
significantly increased compared with the control group
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Figure 1. Effect of formononetin on histamine release in RBL-2H3 cells
stimulated with DNP-HSA. Data are expressed as the mean + standard
deviation. **P<0.001 vs. control group, "P<0.05, “P<0.01 and “"P<0.001 vs.
DNP-HSA-stimulated group. DNP-HSA, anti-dinitrophenyl-human serum
albumin.

(P<0.001; Fig. 1). However, when pretreated with increasing
doses of formononetin following stimulation with DNP-HSA,
the level of released histamine was significantly decreased
in a dose-dependent manner (0.1 xm, P<0.05; 1 ym, P<0.01;
10 um, P<0.001; Fig. 1).

Effect of formononetin on the secretion of pro-inflammatory
cytokines. The expression of the pro-inflammatory cytokines
TNF-a, IL-1p and IL-6 was determined to evaluate the effect
of formononetin on inflammation (Fig. 2). The expression of
TNF-a, IL-1p and IL-6 mRNA in RBL-2H3 cells stimulated
by DNP-HSA was significantly increased compared with the
control group (all P<0.001; Fig. 2B-D). The expression of
TNF-a, IL-1p and IL-6 mRNA in RBL-2H3 cells induced by
DNP-HSA was significantly decreased in a dose-dependent
manner following treatment with increased dosages of
formononetin, compared with RBL-2H3 cells stimulated
with DNP-HSA alone (0.1 M, P<0.05; 1 uM, P<0.01; 10 uM,
P<0.001; Fig. 2B-D).

Effect of formononetin on the level of intracellular calcium.
The level of intracellular calcium was measured to investigate
the mechanism of action of formononetin on the release of
histamine. Following stimulation with DNP-HSA, the level
of intracellular calcium was significantly increased compared
with the control (P<0.001; Fig. 3). By contrast, the level of
intracellular calcium was significantly decreased following
treatment with increasing doses of formononetin compared
with the group treated with DNP-HSA alone (0.1 M, P<0.05;
1 and 10 uM, both P<0.01; Fig. 3).

Effect of formononetin on the activation of NF-kB. Activated
NF-«B serves an important role in the expression of pro-inflam-
matory cytokines. Thus, the effects of formononetin on the
activation of NF-kB and degradation of IxBa were determined.
Levels of degraded IxBa were reduced in RBL-2H3 cells stim-
ulated by DNP-HSA; however, they were increased following
treatment with formononetin (Fig. 4A). By contrast, stimulation
with DNP-HSA significantly induced the activation of NF-xB
(P<0.001; Fig. 4B), whereas treatment with formononetin
inhibited the activation of NF-xB and significantly decreased
the level of activated NF-«kB in nuclei in a dose-dependent
manner (0.1 xM, P<0.05; 1 and 10 #M, both P<0.001; Fig. 4B).
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Figure 2. Inhibitory effects of formononetin on the secretion of TNF-a, IL-1f3 and IL-6 in RBL-2H3 cells stimulated with DNP-HSA. (A) Reverse transcrip-
tion-polymerase chain reaction products. (B) Expression of TNF-a. (C) Expression of IL-1f. (D) Expression of IL-6. Data are presented as the mean + standard
deviation. "P<0.001 vs. control group, "P<0.05, “P<0.01 and "“P<0.001 vs. DNP-HSA-stimulated group. DNP-HSA, anti-dinitrophenyl-human serum

albumin; TNF-a, tumor necrosis factor-a; IL, interleukin.
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Figure 3. Effect of formononetin on intracellular calcium in RBL-2H3
cells stimulated with DNP-HSA. Data are presented as the mean + stan-
dard deviation. "P<0.001 vs. control group. “P<0.05 and “P<0.01 vs.
DNP-HSA-stimulated group. DNP-HSA, anti-dinitrophenyl-human serum
albumin.

Effect of formononetin on caspase-1 activity. Caspase-1
promotes the production of pro-inflammatory cytokines,
thus, the activity of caspase-1 following treatment with
formononetin was investigated to confirm the mechanism
of anti-inflammation. Stimulation with DNP-HSA increased
the expression (Fig. 5A) and significantly increased the
activity of caspase-1 (P<0.001; Fig. 5B) compared with the
control group. However, increasing doses of formononetin
inhibited the expression (Fig. 5A) and significantly inhib-
ited the activity (>1 uM, P<0.01; Fig. 5B) of caspase-1 in
RBL-2H3 cells.

Discussion

Allergic inflammation is mediated by mast cells and causes
allergic diseases. RBL-2H3 cells have been identified as
a suitable cell line to conduct investigations into allergic
inflammation in vitro (21). The current study investigated the
anti-allergic inflammatory effects of formononetin and its
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Figure 4. Formononetin inhibits the activation and translocation of NF-xB
in RBL-2H3 cells stimulated with DNP-HSA. (A) Western blot analysis.
(B) Luciferase activity assay. Data are presented as the mean + standard
deviation. "P<0.001 vs. control group, 'P<0.05 and ““P<0.001 vs.
DNP-HSA-stimulated group. DNP-HSA, anti-dinitrophenyl-human serum
albumin; IkBa, NF-kappa-B inhibitor a; NF-kB, nuclear factor-xB.

mechanism of action in mast cells. Histamine release serves
an important role in the allergic reactions that occur following
induction by external allergens and IgE-mediated signaling
transduction. The level of released histamine indicates the
extent of mast cell degranulation (4). Following treatment
with formononetin, the increased level of released histamine
in RBL-2H3 cells stimulated by DNP-HSA was reversed
in a dose-dependent manner. These results indicate that
formononetin treatment alleviates chronic allergic reactions.
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Figure 5. Formononetin inhibits the activity of caspase-1 in RBL-2H3 cells
stimulated with DNP-HSA. (A) Western blot analysis. (B) Caspase-1 activity.
Data are presented as the mean + standard deviation. “/P<0.01 vs. control
group. “P<0.01 vs. DNP-HSA-stimulated group. DNP-HSA, anti-dinitro-
phenyl-human serum albumin.

Intracellular calcium affects the release of histamine in mast
cells and the expression of pro-inflammatory cytokines (22).
Therefore, in the current study, the effect of formononetin
on intracellular calcium was determined to investigate its
mechanism of action in attenuating histamine release. The
results demonstrated that formononetin decreased intracel-
lular calcium levels, suggesting that formononetin decreases
the level of released histamine by inhibiting intracellular
calcium.

TNF-a, IL-1p and IL-6 are effective mediators of
chronic inflammation (2). TNF-a mediates the inflamma-
tory response in the early phase of an allergic reaction and
IL-1p contributes to hypersensitivity and the inflammatory
response (23). IL-6 is secreted in mast cells and is associated
with acute allergic reactions and a chronic inflammatory
response (21). Inhibiting the secretion of these pro-inflam-
matory cytokines improves inflammatory symptoms. The
current study has revealed that formononetin significantly
reduces the production of TNF-a, IL-1p and IL-6 in
RBL-2H3 cells. In addition to intracellular calcium, NF-xB
is a key transcription factor that influences the expression of
these pro-inflammatory cytokines (8). The phosphorylation
of IxKa is essential in the activation and translocation of
NF-xB (18). The results of the current study demonstrated
that formononetin inhibits the activation and translocation
of NF-kB. It was also demonstrated that formononetin
degrades IkKa via phosphorylation to produce free NF-«xB.
These results suggest that the anti-inflammatory mechanism
of action of formononetin is associated with the regulation
of NF-kB and upstream IkKa. This is consistent with the
results of a previous study that demonstrated that treatment
with formononetin in a dose-dependent manner regulates
NF-kB activation in 16HBE cells (24).

Caspase-1 is a cysteine-aspartic acid protease that converts
pro-cytokines into mature forms, such as IL-1f (25). Inhibition
of caspase-1 activity attenuates inflammatory effects by
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reducing the secretion of related cytokines. The current
study demonstrated that formononetin inhibits the activity
of caspase-1 to attenuate inflammation. These results may
contribute to further understanding regarding the anti-allergic
inflammatory mechanism of formononetin.

In conclusion, the current study evaluated the effects and
mechanism of action of formononetin on allergic inflammation
in RBL-3H2 cells. Formononetin attenuates allergic reactions
by reducing histamine release and the inflammatory response
by inhibiting TNF-a, IL-1f3 and IL-6 secretion. The mecha-
nisms of this action include reducing intracellular calcium,
inhibiting caspase-1 activity and regulating the activation and
translocation of NF-kB and upstream phosphorylation of IxkKa.
Therefore, the current study demonstrated that formononetin
prevents mast cell-mediated allergic inflammation.
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