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Abstract

In the human airway, the overproduction of MUC5AC mucin is a key feature
of allergic asthma, and it induces airway narrowing and obstruction. The
production of MUCS5AC is regulated by several signals, but the mechanism is
not completely understood. We investigated the effect of jabara, a citrus con-
taining abundant flavonoids, on the regulation of MUC5AC production. When
NCI-H292 human airway epithelial cells were cultured with jabara extracts,
we found that the expression of Periodic acid-schiff stained mucin was sup-
pressed with downregulated MUC5AC production. In human primary airway
cells derived from asthmatic patients, MUC5AC production was also sup-
pressed by jabara extracts. The treatment of cells with jabara extracts decreased
ERK activation in NCI-H292 and in primary cells. These results show that ja-
bara extracts contain some factors that suppress MUC5AC production and
ERK activity and suggest that it will be useful for relieving asthma.
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1. Introduction

In human airways, the mucus layer acts as a protective barrier against foreign ir-
ritants and is indispensable in primary host defense. In patients with asthma or
chronic obstructive pulmonary disease (COPD), hypersecretion of airway mucus
is a hallmark feature. It induces airway narrowing and disease exacerbation [1]
[2]. Hence, regulation of mucus production is important in the treatment of

asthma. The major constituents of mucus are mucins, which are large, glycosy-
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lated proteins with tandemly repeating sequences that are rich in serine and
threonine. Mucins are produced by goblet cells or submucosal glands in the air-
way epithelia [3].

To date, almost 20 different subfamily mucin genes have been identified.
MUCL, 2, 4, 5AC, 5B, 7, 8, and 13 are expressed at the messenger RNA level in
human airways [4]. MUC5B and MUCS5AC are the principal gel-forming mucins
in the mucus layer of a normal airway. In asthma or COPD patients, overpro-
duction of MUC5AC mucin in the airway is a major feature [5] [6] [7] [8].

Mucus production, including MUC5AC production, is regulated by parasym-
pathetic nervous stimulation [9]. Numerous studies have revealed the regulatory
system of mucin production in vivo and in vitro [5]. Many studies have de-
scribed the regulation of MUC5AC expression in airway epithelial cells as a tar-
get for asthma treatment. Bacterial inflammation in the airway induces mor-
phological and proliferative changes in goblet cells and mucus hypersecretion.
The main inducers of bacterial inflammation are lipopolysaccharides (LPSs) [10]
[11]. LPSs have been shown to upregulate the levels of expression of MUC5AC
mRNA (by 2.4 times) in HT-29 goblet cells in vitro. Several proinflammatory
cytokines, namely, IL-14 IL-6, and IL-17, upregulate MUC5AC expression in
airway epithelial cells [12] [13]. Numerous signals that induce an increase of
MUCS5AC are mediated by the activation of epidermal growth factor (EGF) re-
ceptors [14] [15]. EGF receptors activate the ERK pathway and increase the level
of NF-«B or Spl transcription factor, followed by the upregulation of MUC5AC
[16]. There are reports that E-cadherin, a cell-cell adhesion molecule, inhibits
mucin production by acting through EGF receptors in coarse-cultured human
colon cells [17]. We previously reported that certain ECM components are in-
volved in the regulation of MUC5AC production. It was found to be upregulated
on laminin and on Matrigel, a complex of ECM components including collagens
and laminin, whereas it was downregulated on type IV collagen in NCI-H292
human airway epithelial cells [18].

Some studies have revealed that certain flavonoids inhibit the activation of
mast cells and suppress allergic diseases such as asthma, atopic dermatitis, and
cedar pollinosis [19]. Japanese cedar pollinosis caused by Japanese cedar pollen
is a common disease in Japan, and the number of patients with it has signifi-
cantly increased. It was reported that the condition of patients with Japanese ce-
dar pollinosis was improved by Citrus jabara juice intake [20]. Jabara (scientific
name, Citrus jabara) belongs to the Rutaceae family and contains abundant na-
rirutin flavonoids from HPLC analysis [21]. Some flavonoids have been reported
to suppress allergic asthma. For example, the flavonoid fisetin attenuated OVA-
induced mRNA expression of adhesion molecules, chitinase, IL-17, IL-33, and
MUCS5AC in lung tissue [22] [23]. In addition, the flavonoids narirutin and na-
ringen inhibited the increases of OV A-induced IL-4 cytokine and IgE airway in-
flammation in an allergic murine model [24] [25].

In this study, we investigated a new regulatory mechanism of MUC5AC pro-

duction by jabara extracts in human cells. Our results suggest that jabara extracts
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have suppressive functions in the regulation of MUC5AC production in the hu-

man airway cell line NCI-H292 and asthmatic primary airway cells.

2. Materials and Methods
2.1. Cell Culture

Human airway cancer cell line NCI-H292 was purchased from the American
Type Culture Collection (Manassas, VA, USA). NCI-H292 cells were cultured in
RPMI-1640 (Sigma-Aldrich, Tokyo, Japan) supplemented with 10% fetal bovine
serum (FBS, Cansera International, Etobicoke, Ontario, Canada), 100 units/mL
of penicillin (Gibco Oriental, Tokyo, Japan), and 100 pg/mL streptomycin (Gib-
co Oriental) in a 5% CO, incubator at 37°C. Adherent cells were subcultured
every 3 - 4 days by treatment with a trypsin—EDTA solution (Gibco Oriental).
Human Airway Epithelia consisting of primary epithelial cells, MucilAir
(EPO3MD, Epithelix Sarl, Geneva, Switzerland) is a 3D model of differentiated
human epithelium. The MucilAir primary cells were maintained according to
the manufacturer's protocol. In brief, the airway primary cells derived from
asthmatic patients were cultured at the air-liquid interface in 700 uL of culture
medium in cell culture inserts. The cells were maintained in a 5% CO2 incubator

at 37°C at the air-liquid interface with fresh medium replaced every 3 days.

2.2. Reagents

Jabara (1.0 g) were extracted in 50% (W/V) ethanol, and the extracts were col-
lected by centrifugation. The water extract was dried by evaporation. The extrac-
tion procedure yielded 555.7 mg of the ethanol extract. 100 mg of jabara extracts
was dissolved in 1 ml of ethanol and stored at —20°C until required. The same
concentration of ethanol was added to the controls. LPS (Wako, Tokyo, Japan)
was dissolved at 0.5 mg/ml in DMSO. Resazurin (Funakoshi, Tokyo, Japan) was
prepared as an aqueous stock solution (4 mM) in distilled water, sterilized by

membrane filtration, and stored at —20°C until required.

2.3. MUC5AC Protein Assay

NCI-H292 cells without or with jabara extracts were washed once with culture
medium and suspended in the medium by means of syringe with a 26G needle to
create a single-cell suspension. Diluted cells (1 x 10 cells per 100 uL) were added
to the wells of 96-well plate and incubated at 37°C without or with LPS and ja-
bara extracts. After removal and storage of the culture media (100 uL), the cells
were harvested by lysis in 100 puL of Tris-buffered saline (TBS; 100 mM NacCl
and 10 mM Tris pH 7.5) containing 0.1% SDS at the indicated time points. A to-
tal of 40 pL (4 x 10’ cells) of the sample was blotted onto an Immobilon mem-
brane (Millipore, Bedford, MA, USA) by Dot Blot Hybridization Manifold (48
wells; SCIE-PLAS, Cambridge, UK). The membrane was treated with 4% skim
milk (Gibco Oriental) in 0.1% tween 20-TBS (TBS-T) for 12 h at 4°C, and then
incubated with mouse anti-human MUC5AC antibody (1:2000 in 4% skim milk,
MS145-P1, Thermo Scientific, Kanagawa, Japan) for 1 h. The membrane was
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washed five times for 5 min each with TBS-T and then incubated with rabbit an-
ti-mouse IgG (H + L) (1:2000 in 4% skim milk, NA931V, GE Healthcare, Buck-
inghamshire, UK) for 1 h. After washing the membrane for five times, enzyme
reactions were detected with a Luminata Forte western HRP substrate (WBLUF0500,
Millipore) and a Chemidoc image analyzer (Biorad, Tokyo, Japan). Mucilair cells,
human primary cells, were cultured in 500 pL of culture media for 1 h without and
with jabara extracts, and culture media were sampled. The cells were harvested
by lysis in 100 pL of Tris-buffered saline containing 0.1% SDS. A total of 20 uL
of the sample was analyzed using the mucin protein assay to detect the levels of
MUCS5AC protein.

2.4. Western Blot Analysis

The treated NCI-H292 cells and primary cells were cultured on the plates were
lysed in a conventional SDS sample buffer (62.5 mM Tris, 10% glycerol, 2% SDS,
0.01% bromophenol blue, pH 6.8). The samples were electrophoresed on 10% of
acrylamide gels with a CM-1005 gel apparatus (Cima Biotech, Tokyo, Japan),
and then blotted onto a Hybond ECL nitrocellulose membrane (GE Healthcare)
with a Trans blot SD cell (Biorad). The membrane was treated with 4% skim
milk (Gibco Oriental) in TBS-T (0.1% tween-20, 150 mM NaCl and 10 mM Tris
pH 7.5) for 12 h at 4°C and then incubated with a rabbit p-ERK 1/2 (Thr 202)
(sc-101760, SANTA CRUZ BIOTECHNOLOGY, CA, USA) and a mouse total
ERK antibody (SIGMA, Tokyo, Japan) at a dilution of 1:2000 in 4% skim milk
for 12 h at 4°C. The membrane was washed five times for 5 min each with
TBS-T and then incubated with an anti-rabbit IgG conjugated with horseradish
peroxidase (W4018, Promega, Madison, WI, USA) or an anti-mouse IgG conju-
gated with horseradish peroxidase (W4028, Promega) at a dilution of 1:2000 in
4% skim milk for 1 h. After washing the membrane for five times, the enzyme
reaction was detected with a Luminata Forte western HRP substrate (WBLUF0500,
Millipore) and a Chemidoc image analyzer (Biorad, Tokyo, Japan). After detec-
tion, a blot membrane was incubated with Restore Western blot Stripping buffer
(21059, Thermo Scientific, Rockford, IL, USA) for 15 min at room temperature
with shaking. The membrane was washed five times for 5 min each with TBS-T
and then treated with 4% skim milk (Gibco Oriental) in TBS-T for 12 h at 4°C
for reblocking.

2.5. Cell Proliferation Assay

Cell proliferation was assessed by a Cell Counting Kit-8 (Dojindo, Kumamoto,
Japan). NCI-H292 cells (1 x 10* cells in 0.1 mL) were cultured on a 96-well plate
(Sumilon, Tokyo, Japan) at 37°C. The reagent of the kit (0.01 mL) was added to
each well, and then the plate was incubated for 2 h at 37°C. Cell growth was as-
sessed by measuring the absorbance at 450 nm with a microplate spectrophoto-
meter Benchmark plus (BioRad). In Mucilair, a human lung primary cells, cham-
bers were incubated with 100 puL of 6 uM resazurin at 37°C for 1 h without and

with 1 mg/ml of jabara extracts, and the cell growth was assessed by measuring
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the absorbance at 570 nm with a microplate spectrophotometer Benchmark plus
(BioRad).

2.6. Periodic Acid-Schiff (PAS) Staining

NCI-H292 cells (3 x 10*) were precultured in 24-well plates (1 ml) for 12 h, and
subsequently incubated without and with 50 pg/ml of LPS, and LPS plus 100
pg/ml jabara extract. PAS-positive cells were visualized as follows. Cells were
fixed with ethanol-acetic acid (3:1), washed with distilled water twice, and then
treated with 0.5% PAS reagent (Wako) followed by 0.6% sodium metabisulfite
(Wako) containing 0.05N HCI (Wako).

2.7. Statistics

Analysis of variance (ANOVA) was used for comparisons among more than two
groups. For other statistics, Student’s t-test was performed. *p < 0.05 was consi-

dered significant.

3. Results

MUCS5AC production was downregulated by jabara extracts in NCI-H292 cells.

We first investigated the effect of jabara extracts on cell proliferation. The ad-
dition of 2.0 mg/mL jabara extracts to NCI-H292 cells induced inhibitory effects
on cell proliferation; in order to remove the influence of growth inhibitory ef-
fects of jabara extracts, we added 1.0 mg/mL jabara extracts to cells in further
experiments (Figure 1(a)). LPS is a representative bacterial inducer of MUC5AC
production. We treated NCI-H292 cells with LPS to induce MUC5AC overpro-
duction. The NCI-H292 human airway epithelial cell line was seeded in plates
and cultured without and with LPS and jabara extracts for 48 h.

Cell proliferation was not affected significantly by LPS or jabara extracts in
NCI-H292 cells cultured for 48 h and in primary cells cultured for one hour
(Figure 1(b), Figure 1(c)). The PAS stain stains glycoproteins, such as mucin
proteins, in mucus-producing cells. In NCI-H292 cells cultured without and
with LPS or jabara extracts for 48 h, mucin glycoproteins were detected by PAS
staining. The PAS-stained glycoproteins were increased in cells that were cul-
tured with LPS compared with those in control cells. The increase in PAS-stained
mucin by LPS treatment was decreased significantly by jabara extracts (Figure
2). These results suggest that jabara extracts suppress the increase of mucin.
Next, the production of MUC5AC protein was examined by immunoblotting
with specific antibodies. We performed a quantitative determination of
MUCSAC protein in cells and in culture medium separately in NCI-H292 cells.
The content of MUC5AC in cells was upregulated by LPS and downregulated in
LPS-stimulated or unstimulated cells cultured with jabara extracts (Figure 3).
The secreted MUC5AC production in culture medium was also downregulated
in LPS-stimulated or unstimulated cells cultured with jabara extracts (Figure 3).
The addition of 0.5 mg/mL jabara extracts to cells also suppressed the MUC5AC
production (data not shown).
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MUCS5AC production was downregulated by jabara extracts in asthmatic pri-
mary airway cells.

The primary airway cells from human asthmatic patients constitutively pro-
duce abundant MUCS5AC protein. We thus tested the effect of jabara extracts in
human primary cells. Asthmatic primary airway cells were 3D cultured in cham-
bers without and with jabara extracts for one hour. The MUC5AC in cells and in
culture medium was sampled and its level was evaluated. The MUC5AC level
was inhibited by jabara extracts in primary cells (Figure 4).

ERK activity was downregulated by jabara extracts in NCI-H292 and in pri-

mary cells.
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Figure 1. Evaluation of proliferation levels of NCI-H292 cells and primary cells treated
with jabara extracts. (a) NCI-H292 cells (1 x 10* cells/well) were cultured in 96-well plates
for 48 h. Cells were cultured with jabara extracts in 0 - 2 mg/mL jabara extracts and
measured for their cell proliferation level using a cell counting kit. Fold changes were
based on the level of cells cultured without jabara extracts (mean + SD, n = 5, one-way
ANOVA); (b) NCI-H292 cells (1 x 10* cells/well) were cultured in 96-well plates for 48 h.
Control cells (C), cells cultured with jabara extracts (J), cells cultured with LPS (L), and
cells cultured with LPS and jabara extracts (L + J) were measured for their cell prolifera-
tion level with a cell counting kit. Fold changes were based on the level of control cells
(mean + SD, n = 5, one-way ANOVA); (c) The human primary cells, Mucilair (six wells),
were cultured for 1 h. Control cells (C) and cells cultured with jabara extracts (J) were
measured for their cell proliferation level. Fold changes were based on the level of control
cells (mean * SD, n = 6, two-tailed Student’s t test). The final concentration of jabara ex-
tracts was 1 mg/mL, for Figure 1(b) and Figure 1(c). The cells were cultured with the
same final concentrations of ethanol and DMSO. *p < 0.05. The representative results of
two independent experiments are shown.
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NCI-H292

Cc L L+J

Figure 2. PAS staining of NCI-H292 cells cultured on LPS and jabara extracts. A,
NCI-H292 cells (1 x 10* cells/well) were cultured with or without LPS and jabara extracts
in a 96-well plate for 48 h. The cells were stained with PAS. The results of control cells
(C), cells cultured with LPS (L), and cells cultured with LPS and jabara extracts (L +J) are
shown. The cells were cultured with the same final concentrations of ethanol and DMSO.
Black bars indicate 200 um.
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Figure 3. Effects of jabara extracts on the regulation of MUC5AC production in
NCI-H292 cells. NCI-H292 cells (1 x 10* cells/well) were cultured in 96-well plates for 48
h and cells (cells) and culture media (medium) were sampled. The samples were analyzed
using the mucin protein assay to detect the levels of MUC5AC protein. Control cells (C),
cells cultured with jabara extracts (J), cells cultured with LPS (L), and cells cultured with
LPS and jabara extracts (L + J) were measured for their cell proliferation level with a cell
counting kit. Fold changes were based on the level of control cells (mean + SD, n = 5,
one-way ANOVA). The cells were cultured with the same final concentrations of ethanol
and DMSO. *p < 0.05 (ANOVA). The representative results of three independent expe-
riments are shown.

The ERK pathway is a common activator of MUC5AC production, which is
upregulated by LPS. We investigated ERK activity in cells treated with jabara ex-
tracts by western blot analysis in NCI-H292 and in primary cells. The phospho-
rylation and activation of ERK were upregulated by LPS in NCI-H292 cells
(Figure 5). The ERK activity was downregulated by jabara extracts in NCI-H292
and in primary cells (Figure 5). These results suggest that jabara extracts inhibit
ERK activity in cells and suppress MUC5AC production.
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Figure 4. Effects of jabara extracts on the regulation of MUC5AC production in primary
cells. Mucilair cells, human primary cells, were cultured for 1 h without and with jabara
extracts and cells (cells) and culture media (medium) were sampled. The samples were
analyzed using the mucin protein assay to detect the levels of MUC5AC protein. Control
cells (C), cells cultured with jabara extract (J) were measured their MUC5AC protein le-
vels and cell proliferation level. The cells were cultured with the same final concentration
of ethanol. Fold changes were based on the level of control cells (mean + SD, n = 6,
one-way ANOVA). *p < 0.05 (ANOVA). The representative results of three independent
experiments are shown.
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Figure 5. Evaluation of the ERK activity in NCI-H292 cells and primary cells treated with
jabara extracts. NCI-H292 cells (1 x 10* cells/well) were cultured in 96-well plates for 48 h
and then sampled. The samples were evaluated for their phosphorylated and activated
ERK (p-ERK) levels and total ERK levels. The ERK levels of control cells (C), cells cul-
tured with jabara extracts (J), cells cultured with LPS (L), and cells cultured with LPS and
jabara extracts (L + J) are shown. The human primary cells, Mucilair (six wells), were
cultured for 1 h without and with jabara extracts. Control cells (C) and cells cultured with
jabara extracts (J) were sampled. The samples were evaluated for their phosphorylated
and activated ERK (p-ERK) levels and total ERK levels. The cells were cultured with the
same final concentrations of ethanol and DMSO. The representative results of three in-
dependent experiments are shown.

4. Discussion

Asthma and COPD are chronic diseases featuring inflamed airway and MUC5AC
overproduction. Several reports have described that citrus may also worsen
asthma symptoms. Citrus acidic stimulation may be a trigger of allergies in air-
way and lung [26]. On the other hand, numerous citrus flavonoids were reported
to be useful for asthma remedies [22] [23] [24] [25]. As an explanation of this
contradiction, citrus contains multiple factors that trigger asthma or COPD but
is also useful in the treatment of chronic diseases. Identification of the active in-

gredients, such as narirutin flavonoids, in jabara extracts would be useful for re-
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lieving asthma symptoms. Further studies about natural polyphenol content and
antioxidant activity of jabara extract are needed in order to analyze the active
ingredient of jabara. Another possibility is that the jabara flavonoids may func-
tion in a concentration dependent manner. We will examine the concentra-
tion-dependent effect of jabara extracts on MUC5AC production in NCI-H292
and in primary cells.

In this study, we found that jabara extracts suppressed ERK activity and
MUCS5AC production in NCI-H292 cells and in human primary airway cells.
The overproduction of MUC5AC induced by LPS in cells and in medium was
suppressed by jabara extracts (Figure 3). The content of MUC5AC in cells in-
duced by LPS was about 6 folds compared in the medium and both were sup-
pressed by jabara extracts (Figure 3). This result suggests that LPS mainly in-
duces the overproduction of intra cellular and cell attached MUC5AC and the
overproduction was suppressed by jabara extracts. These results suggest that ja-
bara extract suppresses MUC5AC production by way of inhibition of ERK activ-
ity in airway cells. The ERK pathway increases the function of NF-«B or Spl
transcription factor, which are common activators of MUC5AC production [16].
Our results suggest that jabara extracts might inhibit ERK, NF-«B or Sp1 activity
and suppress MUC5AC production (Figure 6). These findings suggest a novel
approach for treating asthma or COPD by suppressing mucus overproduction in

the airways.

5. Conclusion

MUCS5AC production and ERK activity were suppressed by jabara extracts in
human lung epithelial NCI-H292 cells and in asthmatic primary cells. These re-

sults may be useful for treating asthma or COPD using jabara extracts.

Citrus jabara
extracts

MUCS5AC t

A4

Mucin overproduction in
airway of asthmatic patients

Figure 6. Model of suppression of MUC5AC production by jabara extracts by inhibition
of the ERK signaling pathway. Schematic representation of the molecular pathways di-
recting MUC5AC production by the ERK intervening pathway.
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