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A B S T R A C T

Various studies have shown that flavones have several pharmacological activities including anti-allergy activ-
ities. However, the bioavailability of oral flavones is very low, and whether inhaled administration can improve
efficacy in respiratory disease models is unclear. In the present study, the anti-allergic activities of inhaling 5,7-
dimethoxy-3,4′-dihydroxyflavone (MHF), a synthetic flavonoid, was investigated by comparison with disodium
cromoglycate (DSCG) and nedocromil sodium (NS) in rat allergic models. In an anti-DNP-IgE-induced asthmatic
model, inhaled MHF dose-dependently inhibited the increase in airway resistance after antigen challenge. In an
ovalbumin (OVA)-induced asthmatic model, inhaled MHF showed significant suppression of airway hyperre-
sponsiveness; a decrease in eosinophil and neutrophil counts, IL-4, IL-5 and leukotriene D4 in bronchoalveolar
lavage fluid; a reduction in total IgE and OVA-specific IgE levels in serum; and suppression of eosinophil in-
filtration in lung tissue after antigen challenge. The efficacy of inhaled MHF was comparable to that of NS and
DSCG. In conclusion, based on these findings, the report for the first time that that inhaled MHF may be a
potential drug for the treatment of allergic asthma.

1. Introduction

Bronchial asthma (BA) is a heterogeneous disease, usually char-
acterized by airway inflammation along with variable expiratory lim-
itation (Global Initiative for Asthma GINA, 2017). In asthma, airflow
obstruction is thought to primarily result from inflammation-triggered
airway smooth muscle (ASM) contraction. BA is often sustained by al-
lergic sensitization, which leads to acute bronchoconstriction and
airway hyperresponsiveness (AHR) in response to specific and non-
specific triggers. For many years, from a pathogenic perspective, the
focus of research has been on the role of T cells in the initiation and
perpetuation of inflammation (Georas et al., 2005; Kay, 2001; Busse
and Lemanske, 2001). In particular, T helper 2 (Th2) cells have been
identified to be involved in controlling immunoglobulin E (IgE) pro-
duction because of their ability to produce interleukin 4 (IL-4) and IL-
13, and influence eosinophil function through the action of IL-5
(Romagnani, 2004). The presence of Th2 cells in the bronchoalveolar
lavage from atopic asthmatics was clearly demonstrated (Robinson
et al., 1992). There is strong evidence that mast cells play an important

role in the early asthmatic reaction following allergen exposure. Mast
cell-derived mediators induce the classical features of an early asth-
matic reaction in vivo, inducing bronchoconstriction, mucus secretion
and mucosal edema (Theoharides et al., 2015; Cruse and Bradding,
2016). Both disodium cromoglycate (DSCG) and nedocromil sodium
(NS) are known as the “mast cell stabilizers” because they inhibit his-
tamine release from peritoneal mast cells (Zhang et al., 2016;
Theoharides et al., 1980; Eady, 1986) and passive cutaneous anaphy-
laxis (PCA) in rats (Altounyan, 1967; Eady, 1986; Riley et al., 1987).
Recently, there was evidence that DSCG attenuates both vascular
leakage in the lung and bronchoconstriction in an IgE-mediated passive
pulmonary anaphylaxis model in rats (Wex et al., 2014). Even though
DSCG and NS are not therapeutically effective in all patients and have
mainly an adjunctive role in asthma, their excellent safety profiles have
made them especially useful, especially in children. They also have a
therapeutic role in diseases such as mastocytosis and allergic con-
junctivitis (Zhang et al., 2016). In the present study, DSCG and NS are
used as positive control drugs to compare with the efficacy of MHF in
the models.
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Flavones are a class of naturally occurring polyphenolic compounds.
Various studies have shown that flavones have several pharmacological
activities, such as antioxidant, anti-inflammatory, antimicrobial, cyto-
toxic, anti-tumor and anti-allergic (Kawai et al., 2007). The natural
flavonoid 3,5,7,3′,4′-pentahydroxyflavone (quercetin) was shown to be
more potent than cromolyn in inhibiting photosensitivity in humans
(Weng et al., 2012). Quercetin (Mlcek et al., 2016, Kim et al., 2014) and
3′,4′,5,7-tetrahydroxyflavone (luteolin) are natural anti-allergic and
antioxidant flavonoids (Middleton et al., 2000; Theoharides et al.,
2007), which also inhibit the release of histamine, tumor necrosis factor
(TNF), vascular endothelial growth factor (VEGF) (Kempuraj et al.,
2005), leukotrienes (LTs) and prostaglandin D2 from mast cells (Kimata
et al., 2000). Our recent study showed that MHF (5,7-dimethoxy-3,4′-
dihydroxyflavone) (Fig. 1) is a synthetic flavonoid based on the struc-
ture of luteolin, in which the hydroxyls at the 5- and 7- positions are
replaced with methoxy groups and the 3′-hydroxyl is removed and
exchanged for a 3-hydroxyl. Further, our study showed that MHF is a
more potent mast cell inhibitor, more metabolically stable, as well as
more orally and inhalation efficacious than luteolin (unpublished data).
The vast majority of these investigated anti-allergic effects of flavonoids
in vivo are administered orally, and whether or not inhaled delivery
provides better efficacy remains to be studied. There are many ad-
vantages to aerosols, including noninvasive targeted delivery, a large
drug absorption area, the potential for fewer systemic side effects, de-
creased drug metabolism, and patient convenience (Rubin and
Williams, 2014). In the present study, our aim is to clarify whether MHF
is active, and second, if inhaled MHF has anti-allergic activities when
compared to NS and DSCG in rat allergic models.

2. Material and methods

2.1. Materials

MHF (5,7-dimethoxy-3,4-dihydroxyflavone); (C17O6H14; MW: 314;
purity> 98%) was synthesized and provided by Prof. Yuhua Lu from
the Department of Organic Synthesis, Institute of Material Medica,
Chinese Academy of Medical Sciences, Bejing. The structure of MHF is
shown in Fig. 1.

2.2. Animals

Female Sprague-Dawley (SD) rats weighing 150–175 g were pur-
chased from the Laboratory Animal Center of Zhejiang University and
were used after one week of quarantine and acclimation. The animals
(4–5 mice/cage) were housed in an SPF environment under a 12 h
light/dark cycle and received food and water ad libitum. All of the
animal experiments performed in this study were approved by the
Institutional Animal Care and Use Committee of Zhejiang University.
Animals were terminally euthanized by inhalation of CO2 or anesthe-
tized with urethane.

OVA-induced asthmatic model: Fifty-six rats were divided into
seven groups of eight rats in each group. To sensitize the rats, a solution
of 1mg OVA (Grade V, Sigma Chemical Co., St. Louis, MO) absorbed in

100mg aluminum hydroxide adjuvant in 1.0ml saline was used. Each
rat was intraperitoneally injected (i.p.) with 0.5 ml, and subcutaneously
injected (s.c.) with 0.05ml/site on four footpads (4 sites), neck (one
site), back (3 sites), and groin (2 sites). Then, every rat was injected
(i.p.) with 1× 1010 Bordetella pertussis adjuvant (Shanghai Institute of
Biological Products, China) on experiment day 0. Control rats were
injected with only aluminum hydroxide adjuvant in saline following the
same protocol. To enhance sensitization, rats were treated with 0.5ml
antigen (OVA 0.5mg + aluminum hydroxide 50mg) via repeated i.p.
injection on day 14. Starting on day 15, rats from the vehicle (model),
MHF, DSCG and NS treatment groups were placed in a 45 cm×45 cm
×15 cm plastic box and challenged by exposure to an aerosol of OVA
(20mg/ml in saline), which was generated in a jet nebulizer (particle
size 1–5 µm; BARI, MASTER, Germany) for 20min, and repeated daily
until day 21. In a similar process, control rats were exposed to an
aerosol of saline. The OVA sensitization, challenge, and drug treatment
procedure is shown in Fig. 2.

Anti-DNP-IgE-induced asthmatic model: Forty-eight rats were di-
vided into six groups of eight rats in each group, and every rat was
passively sensitized by intravenous injection (i.v.) of 10 μg of anti-di-
nitrophenol (DNP) monoclonal mouse IgE (SPE-7, Sigma-Aldrich, St.
Louis, MO). One day later, rats in the vehicle (model), MHF, DSCG and
NS treatment groups were challenged by i.v. administration of 1.5 μg of
the antigen DNP-BSA (Sigma-Aldrich, St. Louis, MO) in saline.

2.3. Drug administration

MHF and reference drugs nedocromil sodium (Fisons
Pharmaceutical Corporation) and disodium cromoglycate (Shanghai
Xinyi Pharmaceutical Factory Co. LTD) were prepared directly before
each experiment. In the OVA-induced rat model, MHF and the reference
drugs were inhaled for 15min with a jet nebulizer (particle size 1–5 µm;
BARI, MASTER) once daily from days 15–21 (Fig. 2). In the anti-DNP-
IgE-induced asthmatic model, MHF and the reference drugs were given
by i.h. administration once for 15min, and 10min before administra-
tion of 1.5 μg of DNP-BSA antigen by i.v.

2.4. The preparation of bronchoalveolar lavage fluids

Seven days after the OVA challenge, the rats were anesthetized with
urethane (2 g/kg, i.p.). The BAL fluid was obtained by through can-
nulation of the trachea and lavaging with phosphate buffer solution
(PBS) containing 1% bovine serum albumin (BSA) and 5000 IU/L he-
parin. The BAL fluid was centrifuged at 500× g for 10min at 4 °C, and
the supernatant was stored at −80 °C. The pelleted BAL fluid cells were
resuspended in PBS, and the total number of leukocytes were counted in
a Neubauer chamber. Two hundred cells from the BAL fluid stained
with Wright-Giemsa were identified under a light microscope. The total

Fig. 1. Chemical structure of 5,7-dimethoxy-3,4′-dihydroxyflavone (MHF).

Fig. 2. The OVA sensitization, challenge, and drug treatment procedure in rats.
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number of each cell type was determined by multiplying the percentage
of each cell type by the total number of cells. The results are expressed
as the number of each cell type in 1ml of BAL fluid.

2.5. The measurement of AHR and bronchoconstriction

The changes in airway resistance (RL) and lung dynamic compliance
(Cdyn) were used to evaluate the changes in airway function after in-
travenous administration of methacholine (MCh, Sigma, St. Louis,
USA). The anesthetized and tracheostomized rats were assessed as
previously described (Guan et al., 2018; Cao et al., 2011). Briefly, each
anaesthetized animal was placed supine inside a Plexiglas whole-body
plethysmograph. The flow rate was monitored with a Fleisch tube
connected to the airway in a pressure transducer. Changes in lung vo-
lume were measured by detecting pressure changes in the plethysmo-
graphic chamber through a port in the connecting tube with a pressure
transducer. To measure the pleural pressure, a needle (No. 12) with a
multiholed tip was directly inserted into the pleural cavity (between the
fourth and fifth rib at the left thorax) through a port in the connecting
tube with a differential pressure transducer. The transpulmonary
pressure was calculated as the difference between the mouth and
pleural pressures. The signals of all pressure transducers were con-
tinuously computed (MedLab, Nanjing Biotech Instruments, Nanjing,
China) by fitting flow, volume, and pressure to an equation of motion.
Cumulative dose-effect curves were thus established, and the provoca-
tion dose (PD) of methacholine which cumulatively produced a 100%
increase in RL (PD100) or a 25% decrease in Cdyn (PD25) was determined
for each animal. These values were used as indices of airway respon-
siveness. Cumulative doses of 0.025, 0.05, 0.1, and 0.2mg/kg (i.v. via a
cannula placed in the jugular vein) were administered for a period of
5min per dose with lung function measurements taken between each
dose.

2.6. Histopathological examination

The left lung was fixed in 10% neutral formalin for 7 days. The
tissue was sectioned within paraffin-embedded blocks and stained with
hematoxylin and eosin (H&E) to evaluate inflammatory cell infiltration
using light microscopy, based on the peribronchial cell counts and the
severity of the infiltration of inflammatory cells. A 5-point scoring
system was used as described previously (Cao et al., 2011; Duan et al.,
2004). Scoring of inflammatory cells and goblet cells was performed in
at least three different fields for each lung section. Briefly, the scoring
system was: 5 - marked, 4 - moderate, 3 - medium, 2 - mild, 1 - minimal
and 0 - no eosinophil cells. Mean scores were obtained from eight an-
imals.

2.7. Determination of serum total IgE and OVA-specific IgE

Total serum IgE was measured by a sandwich ELISA (Bethyl
Laboratories, Inc. Montgomery, TX) according to the manufacturer's
instructions. Briefly, blood was collected 24 h after the last antigen
challenge. Rats were anaesthetized with urethane (2 g/kg, i.p.) and bled
by femoral artery, and serum was prepared and kept at −80 °C until
needed for measurement. Briefly, plates were coated with purified anti-
rat IgE (Bethyl Laboratories, Inc.), washed and blocked, and then di-
luted serum (1:25) was added. Biotinylated anti-rat IgE (Bethyl
Laboratories, Inc.) was used for antibody detection. Purified rat IgE was
used as the standard. After incubation with substrate (OPD), plates
were read using a Bio-Rad microplate reader.

Serum OVA-specific IgE levels were measured by ELISA. Briefly, to
determine the OVA-specific IgE, 96-well plates were coated with
100 µl/well of mouse anti-rat IgE heavy chain antibody (Serotec Ltd.,
Oxford, UK) at a concentration of 2.5 µg/ml. The next day, after the
plates were blocked and washed, 100 µl of each serum sample (1:5 in
blocking buffer) were applied. After incubation overnight, the plates

were treated with 100 µl/well of biotinylated OVA allergen (5 µg/ml)
prepared using the Sulfo-NHS-LC-Biotinylation kit (Pierce
Biotechnology, Rockford, IL) and horseradish peroxidase–streptavidin
(1:1500, Sigma, St. Louis, MO) for 1 h each at room temperature. For
the allergen-specific serum IgE assay, 96-well plates were coated with
100 µl of OVA at a concentration of 1mg/ml in coating buffer and in-
cubated overnight at 4 °C. The next day, after the plates were blocked
and washed, 200 µl of blocking buffer were added to each well followed
by a 2 h incubation at 37 °C. Diluted serum (1:50) was applied (100 µl/
well) and followed by incubation overnight at 4 °C. Wells were then
washed and treated with 100 µl of mouse anti-rat biotinylated IgE
(1:5000, AbDSerotec, OX, UK) and horseradish peroxidase-streptavidin
(diluted 1:1500) for 1.5 h each at 37 °C. Finally, 100 µl/well TM Blue
(Sigma, St. Louis, MO) was applied as a substrate for horseradish per-
oxidase, and the reaction was allowed to develop at room temperature
for at least 10min. The plate was read at 650 nm by a Bio-Rad micro-
plate reader.

2.8. Determination of IL-4, IL-5 and leukotriene D4 levels in BAL fluid

To investigate the effects of MHF on IL-4, IL-5 and leukotriene D4

levels in rat lungs in the OVA-induced allergic model, rat BAL fluid was
collected after treatment and the levels were determined using a com-
mercially available ELISA kit (rat leukotriene D4 was purchased from
Cayman Chemical, Ann Arbor, MI, USA; rat IL-4 and IL-5 were pur-
chased from BOSTER, Wuhan, China). The BAL fluid was centrifuged at
2000× g for 60min at 4 °C. The concentrations of IL-4, IL-5 and leu-
kotriene D4 in BAL fluid were measured using a commercially available
ELISA kit.

2.9. Statistical analysis

The data are expressed as the mean± S.E.M. Statistical tests were
performed using SPSS software (version 16.0; SPSS, Chicago, IL, USA).
To avoid inflation of the type I error because of multiple comparisons in
Fig. 3, the differences in the dose-response curves to methacholine
stimulation were assessed with the variance analysis of repeated-mea-
sures method (with Greenhouse–Geisser epsilon correction and Tukey
test), and the PD50 and PD20 values were calculated by the weighted
probit analysis of Bliss method. For the other figures, one-way analysis
of variance followed by Dunnett's test was used to determine significant

Fig. 3. Effect of MHF on anti-DNP-IgE-induced bronchoconstriction in rats. Rats
were passively sensitized by i.v. administration of 10 μg of anti-DNP-IgE one
day before the experiment. MHF, nedocromil sodium (NS) and disodium cro-
moglycate (DSCG) were administered i.h. 15min before i.v. administration of
antigen (1.5 μg of DNP-BSA in saline). Data is shown as the mean± S.E.M.;
n=8 for each group. * P < 0.05, * * P < 0.01 vs vehicle group.
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differences between treatment groups. The critical level for significance
was set at P < 0.05.

3. Results

3.1. MHF inhibits anti-DNP-IgE-induced bronchoconstriction

The effects of MHF on anti-DNP-IgE-induced asthmatic models were
investigated. In a bronchoconstriction model, MHF dose-dependently
inhibited the anti-DNP-IgE-induced increase in airway resistance, and
the 5mg/ml inhalation dose for 15min showed statistically significant
suppression. MHF at 10mg/ml significantly reduced airway resistance
(all P < 0.01), which is comparable to both NS and DSCG treatment at
10 mg/ml (Fig. 3).

3.2. MHF suppresses OVA allergen-induced airway responsiveness to
methacholine

The OVA-sensitized rats were repeatedly challenged with aero-
solized OVA for 7 consecutive days. The RL and Cdyn were measured
before and after intravenous injection of each dose of MCh. In the ve-
hicle+OVA group, AHR was demonstrated by a significant decrease in
RL PD100 value in addition to a significant increase in maximum RL.
Similarly, the cumulative dose-effect curves for methacholine had sig-
nificantly lower Cdyn PD25 values with a decreased minimum Cdyn

(Fig. 4). These changes in AHR due to MCh were quantitatively ob-
served as a 3.51-fold decrease in RL PD100 and a 4.7-fold decrease in
Cdyn PD25 (Table 1). MHF at doses of 10 and 20mg/ml i.h. inhibited
AHR to MCh compared to the vehicle +OVA group. The provocative
doses of MCh in the 5, 10 and 20mg/ml MHF i.h. groups saw RL ele-
vated by 2.87-, 2.59- and 1.50-fold, and 4.39-, 3.26- and 2.30-fold
elevated Cdyn. The reference drugs NS and DSCG at 20mg/ml delivered
similar potent suppressant effects when compared to the 20mg/ml
MHF i.h. group. The results of the statistical significance tests for the RL

and Cdyn parameters to MCh stimulation within the repeated mea-
surements with variance analysis using the Greenhouse–Geisser cor-
rection model for the relative changes in the dose-response curves
compared with baseline data are given in Fig. 4. The curve changes in
RL with the Greenhouse–Geisser correction: between-subject effects (F
= 8.36, P < 0.01); within-subject effects (F = 88.30, P < 0.01); and
subject-by-dose interaction (F= 5.25, P < 0.01). The curve changes in
Cdyn with Greenhouse–Geisser correction: between-subject effects (F =
4.58, P < 0.01); within-subject effects (F = 96.19, P < 0.01); and
subject-by-dose interaction (F = 2.78, P < 0.05).

3.3. MHF decreases inflammatory cells in BAL fluid and reduces eosinophil
infiltration in lung tissue

To further study the effects of MHF (i.h.) on antigen-induced airway
inflammation, the inflammatory cell infiltration in OVA-sensitized rats
was evaluated. Twenty-four hours after the final OVA challenge, in-
flammatory cells, including total white blood cells, eosinophils, neu-
trophils, lymphocytes and macrophages in BAL fluid were counted. The
total number of inflammatory cells in BALF of vehicle-OVA rats was 4-
fold greater than in control rats. MHF (i.h.) dose-dependently decreased
the total number of inflammatory cells in BALF. Classification of these
inflammatory cells showed that in vehicle-OVA rats, the number of
eosinophils and neutrophils in BALF increased approximately 700- and
17-fold, respectively, compared to the numbers observed in control rats
(Fig. 5). MHF (i.h.) significantly decreased eosinophil and neutrophil
counts in BAL fluid. MHF at a dose of 20mg/ml is comparable to both
NS and DSCG treatment at 20mg/ml (Fig. 5).

The effect of MHF (i.h.) on antigen-induced inflammatory response
was also evaluated by lung histopathology. Lung tissues were harvested
24 h after the final OVA challenge. The vehicle-OVA rats exhibited an
obvious eosinophil cell infiltration into the peribronchiolar and peri-
vascular connective tissues compared with control rats. MHF (i.h.)
markedly inhibited the OVA-induced eosinophil infiltration compared
with vehicle-OVA rats (P < 0.01), and MHF at 20mg/ml is comparable
to both NS and DSCG treatment at 20mg/ml (Fig. 6).

3.4. MHF reduces serum IgE levels

In the present study, the effects of MHF on serum total IgE levels as
well as allergen-specific IgE levels in the specific OVA allergen-induced
allergic rat model were investigated. Total serum IgE was measured by
ELISA and the results are shown in Fig. 7. The vehicle group exhibited

Fig. 4. Effect of MHF on airway responsiveness to methacholine. Relative
changes in percentage of baseline control before methacholine provocation are
given in the legend. Intravenous administration of methacholine- (MCh) in-
duced airway hyperresponsiveness 24 h after the last OVA challenge. Data are
shown as the mean± S.E.M.; n=8 for each group. ## P < 0.01, ###

P < 0.001 vs control group; * P < 0.05, * * P < 0.01 vs vehicle group.

Table 1
Effect of MHF and reference drugs on methacholine PD100 (airway resistance,
RL) and PD25 (lung dynamic compliance, Cdyn) in OVA-induced asthmatic rats.

Groups RL PC100 (95% CI) mg/kg, i.v. Cdyn PC25 (95% CI) mg/kg, i.v.

Control 0.158(0.118–0.196) 0.202(0.126–0.256)
Vehicle 0.045(0.027–0.062) 0.043(0.026–0.056)
MHF 5mg/ml 0.055(0.031–0.078) 0.046 (0.030–0.61)
MHF 10mg/ml 0.061 (0.035–0.81) 0.062 (0.046–0.081)
MHF 20mg/ml 0.105 (0.085–0.139) 0.088(0.054–0.121)
NS 20mg/ml 0.081(0.058–0.124) 0.085(0.062–0.119)
DSCG 20mg/ml 0.091(0.064–0.135) 0.083(0.064–0.125)

CI: confidence interval.
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significantly higher IgE levels than the control group (P < 0.01). MHF
at either 10mg/ml or 20mg/ml i.h. produced a marked decline in total
serum IgE levels (P < 0.05 and P < 0.01, respectively). In compar-
ison, NS and DSCG at 20mg/ml i.h. significantly inhibited total serum
IgE levels (P < 0.01). Furthermore, the experiment also evaluated the
potential effects of MHF on the OVA-specific IgE levels in the rat OVA-
induced allergic model. OVA-specific serum IgE was measured by
ELISA, and the data are shown in Fig. 7. A significant increase in OVA-
specific serum IgE levels was observed in the vehicle group compared
with the control group, and MHF i.h. treatment at either 10mg/ml or
20mg/ml significantly inhibited OVA-specific IgE production
(P < 0.05 and P < 0.01, respectively). Furthermore, NS and DSCG at
20mg/ml also significantly inhibited the elevation of OVA-specific
serum IgE levels (both P < 0.01).

3.5. MHF alleviates IL-4, IL-5 and leukotriene D4 levels

To assess the role of MHF on the inhibition of inflammatory med-
iators, the effects of an antigen challenge on IL-4, IL-5 and leukotriene
D4 production in BAL fluid were examined. As shown in Fig. 8, MHF at
10 and 20mg/ml i.h. and NS and DSCG at 20mg/ml i.h. significantly
inhibited IL-4, IL-5 and leukotriene D4 (P < 0.05 and P < 0.01, re-
spectively).

4. Discussion

In the present study, the effects of the synthetic flavonoid MHF on
changes in bronchoconstriction in an anti-DNP-IgE asthmatic model,
and on changes in AHR and airway inflammation were investigated in
an OVA-induced asthmatic model. MHF exhibited similar activity after
inhalation compared with two inhalable reference compounds, DSCG
and NS.

Flavonoids have multiple and specific effects on inflammatory and
allergic processes. In vitro, flavonoids and related compounds were

Fig. 5. Effect of MHF on inflammatory cells in BAL fluid. The total number of
inflammatory cells in BAL fluid were counted, and cell classification was per-
formed on a minimum of 200 cells to classify eosinophils, neutrophils, lym-
phocytes and macrophages 24 h after the final antigen challenge. Data are
shown as the mean± S.E.M.; n=8 for each group. ###P < 0.01 vs control
group; * P < 0.05, * * P < 0.01 vs vehicle group.

Fig. 6. Effect of MHF on changes in lung histopathology. H&E-stained lung tissues were evaluated and scored for inflammatory cell infiltration. Compared with the
control group, a marked infiltration of eosinophil cells in the peribronchiolar space and perivascular space were observed in the vehicle group. There was also less
eosinophil cell infiltration present in the MHF (10mg/ml and 20mg/ml doses), NS and DSCG groups (photos). Inflammatory cell infiltration was graded based on the
severity of inflammation (histogram). Data are shown as the mean± S.E.M.; n=8 for each group. ###P < 0.01 vs control group; * P < 0.05, * * P < 0.01 vs
vehicle group.

Fig. 7. Effect of MHF on serum total IgE and OVA-specific IgE levels. Sera were
harvested 24 h after the last antigen challenge. Total IgE and OVA-specific IgE
were measured by sandwich ELISA as described in Methods. Data is shown as
the mean± S.E.M.; n=8 for each group. ##P < 0.01 vs control group;
* P < 0.05, * * P < 0.01 vs vehicle group.
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tested for inhibition of IL-4 and IL-13 production in basophils stimu-
lated with anti-IgE antibody, and quercetin, luteolin and apigenin were
found to be the strongest inhibitors, with IC50 values of 1–2 μM (Hirano
et al., 2004; Kawai et al., 2007). Luteolin also inhibited IL-5 activity
with an IC50 value of 18.7 μM. The most effective compound, however,
was luteolin 4′-O-glucopyranoside with an IC50 of 3.7 μM and 95% in-
hibition at 30 μM (Park et al., 1999). Luteolin and quercetin were also
found to inhibit hexosaminidase release (degranulation marker) from
mast cells (RBL-2H3 cells) as an estimate for anti-allergic actions, with
IC50 values below 10 μM. Similar to luteolin and quercetin, MHF was
found to be potent with an IC50 value of 6.5 μM for mast cell de-
granulation (unpublished data). In vivo, flavonoids including luteolin
and quercetin (Kawai et al., 2007; Mlcek et al., 2016; Seelinger et al.,
2008; Cheong et al., 1998) showed potent anti-allergic and anti-in-
flammatory activities in the mouse allergic asthma model. The anti-
allergic mechanism of action of luteolin is via induction of foxp3 in
CD4+CD25+ Treg cells (Kim et al., 2018). Quercetin reduced airway
allergic inflammation by inhibiting the activation of nuclear tran-
scription factor kappa B (NF-кB), P-selectin expression and mucus
production in the lung (Rogerio et al., 2010). In the rat allergic asthma
model, intraperitoneal injection of luteolin inhibits inflammatory cell
number and IL-4 expression in BAL fluid via decreasing the activities of
peroxisome proliferator-activated receptor-γ (PPARγ) and p38 mitogen-
activated protein kinase (p38MAPK) in pulmonary tissue (Zeng et al.,
2014). However, until now, it was unknown whether flavonoids, in-
cluding luteolin and quercetin, can inhibit bronchoconstriction and
AHR in anti-DNP-IgE- or OVA-induced rat asthmatic models. In this
study, the anti-DNP-IgE- and OVA-induced rat asthmatic models to
assess MHF inhibitory activity were established. Antigen-induced
bronchoconstriction is a common feature in allergic asthmatics. It is
therefore important that animal models of asthma show the similar
features of mast cell inflammation and reactivity to inhaled allergens
(Li et al., 2014). Allergic asthmatics frequently suffer from acute
bronchoconstriction upon antigen inhalation, and this acute phase is
then often followed by an extended period of airway hyperrespon-
siveness (AHR), for which an MCh challenge is used. The physiological
phenotype of asthma can thus be divided into two phases. Mouse
models, however, typically only exhibit the second (AHR) phase. In-
deed, published reports show that an often-used OVA mouse model of
asthma does not exhibit any measurable bronchoconstriction upon in-
halation of OVA (Zosky et al., 2008). Therefore, in this study, an anti-
DNP-IgE-induced rat asthmatic model to assay the activity of MHF on
antigen-induced acute bronchoconstriction was used. Our results de-
monstrated that inhaled MHF dose-dependently inhibited

bronchoconstriction, which depends on mast cell and eosinophil release
by inflammatory factors, including histamine, LTs, cytokines and che-
mokines. Then, the OVA-induced rat asthmatic model to evaluate MHF
activity on MCh-induced AHR and airway inflammation were used. Our
results demonstrated that inhaled MHF dose-dependently alleviated
AHR and airway infiltration in inflammatory cells, and reduced Th2,
cytokines, and IL-4 and IL-5 production, and decreased the LTD4 level
in BAL fluid. The Th1/Th2 imbalance correlates with the changes in the
total serum IgE and allergen-specific serum IgE levels, airway respon-
siveness and eosinophilia. Thus, in the present study, our results suggest
that inhalation of MHF decreases asthmatic acute phase bronchocon-
striction in addition to improving AHR associated with the regulation of
the Th1/Th2 balance.

Despite anti-allergic properties of oral MHF, similar to other flavo-
noid derivatives (Scalia et al., 2013; Pápay et al., 2017), the use of MHF
in the pharmaceutical field may be limited due to its poor aqueous
solubility, instability in physiological media and rapid photodegrada-
tion. The clinical application of MHF may be limited by its poor bioa-
vailability and low stability in aqueous medium. The achievement of
effective concentrations of MHF in the lung tissue is difficult; therefore,
higher doses and administration frequency are required, which leads to
higher treatment costs as well as increased unpredictable side effects.
Thus, it is necessary to develop new dosage forms and administration
routes for MHF with increased solubility and improved bioavailability.
The inhalation route is frequently used to administer drugs for the
management of respiratory diseases such as asthma or chronic ob-
structive pulmonary disease. Compared with other routes of adminis-
tration, inhalation offers a number of advantages in the treatment of
these diseases. For example, via inhalation, a drug is directly delivered
to the target organ, conferring high pulmonary drug concentrations and
low systemic drug concentrations. Therefore, drug inhalation is typi-
cally associated with high pulmonary efficacy and minimal systemic
side effects (Borghardt et al., 2018).

5. Conclusions

In this study, two hypersensitive rat models and inhalation delivery
to evaluate the anti-allergic effects of MHF were used. Our results
suggest that inhaled MHF has significant inhibitory effects in the two
allergic models, while inhaled drug delivery has a better effect directly
on the target organs, is more conducive to the treatment of allergic
asthma, and may reduce possible adverse reactions to MHF systemic
administration. It is anticipated that MHF will undergo clinical eva-
luation as a therapeutic anti-allergic agent.
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