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Asthma, a serious non-communicable disease, affects both adults and child-
ren and can be undertreated. New functional foods could provide therapeutic
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1. Introduction

Asthma is a lung disease characterized by chronic inflammation of airway-
hypersensitivity mucus overproduction, airway remodeling, and airway narrow-
ing that affects more than 300 million people worldwide and an estimated 7 mil-
lion children in the United States. Allergic asthma, also known as severe asthma
(SA), is an inflammatory incurable disease of the lungs and associated airways cha-
racterized by the infiltration of immune cells that is difficult to treat and manage
[1] [2] [3]. Multiple factors, including genetics, air pollution, smoking, obesity,
and consumption of ultra-processed food, are reported to contribute to the cause
(etiology) of the disease. The prevalence, severity, and etiology of asthma have
stimulated studies on the identification of genetic and molecular biomarkers that
may be associated with immune infiltration and signaling pathways. To contribute
to this effort, Jiang et al (2022) used bioinformatic methods to identify genes
and signaling pathways that were affected by the differences in immune cell in-
filtration that is characteristic of asthma [4]. They identified key genes and im-
mune cell infiltration patterns involved in asthma progression, suggesting that
the results may provide a better understanding of the relationship between air-
way epithelial transcriptome and clinical data. In a related study, Zhang et al (2022)
reported that specific signaling pathways and autophagy-related differentially ex-
pressed genes (DEGs) are potential diagnostic biomarkers in the cause and pro-
gression of asthma [5]. The authors suggest that their results expand our under-
standing of asthma and that the inhibition of the gene ERN1 might be a useful
target in the treatment of asthma. In a survey of pre-inflammatory asthma bio-
markers (IgE, IL-4, and IL-13), Zahedi et al (2022) found that children residing
in industrial areas are prone to asthma allergy, miRNA mutation, and other chronic
diseases [6].

As part of an effort to discover new anti-asthma functional foods, we pre-
viously explored in two published studies on the mechanism of allergic asthma
formation and inhibition in cells and in mice. In the first study, we describe the
mechanism of protection against allergic asthma by bioactive elm tree Ulmus
parvifolia bark bioprocessed (fermented) with shiitake mushroom mycelia in
culture [7]. The results showed that oral administration of the new functional
food ameliorated biomarkers associated with allergic asthma. These included the
reduction of elevated T-helper cell Thl cytokine production to near normal le-
vels, reduced expression of inflammatory mediators, reduced immunoglobulin
production related to the Thl and Th2 immune reaction, reduced elevated Treg
IL-10 cytokine formation to near normal levels, reduced number of lymphocytes
in bronchoalveolar lavage fluid (BALF), suppression of lung airway inflamma-

tion, and a protective effect on the morphology of lung tissues against inflam-
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matory cell infiltration. The second study on the anti-asthma effect of the edible
Ecklonia cava alga bioprocessed with mushroom mycelia showed similar benefi-
cial molecular, cellular, and histological results [1].

Black rice bran that has been bioprocessed through fermentation with mu-
shroom contains polysaccharides with reported physiological, health-promoting
activities including the inhibition of infections by the foodborne pathogen
Salmonella Typhimurium in mice [8] and the inhibition of lipopolysaccharide
(LPS)-induced endotoxemia in mice [9] via the activation of the Thl immune
response inn vivo. These observations and the fact that black rice bran and mu-
shrooms are reported to contain several biologically active, health-promoting
compounds, such as y-oryzanol in the case of black rice bran and flavonoids and
mushrooms contain bioactive polysaccharides motivated us to determine the an-
ti-asthma effect of another functional food prepared by bioprocessing black rice
(Oryza sativa L.) bran with shiitake mushroom (Zentinulus edodes) mycelia, as
well as fractions isolated by preparative chromatography, the objective of the

present study.

2. Materials and Methods
2.1. Chemicals

Dulbecco’s modified Eagle’s medium (DMEM), chicken egg ovalbumin (OVA,
grade V), and aluminum hydroxide were purchased from Merck (Darmstadt,
Germany). Phosphate-buffered saline (PBS), fetal bovine serum (FBS), and other
cell culture reagents were purchased from Gibco BRL (Grand Island, NY). IL-4
mouse enzyme-linked immunosorbent assay (ELISA) kit, IL-5 mouse ELISA kit,
and other ELISA kits were purchased from R&D systems (Minneapolis, MN,
USA). y-Oryzanol was obtained from Wako Pure Chemical Corporation (Osaka,
Japan), and arabinose, galactose, glucose, mannose, and xylose were obtained from
Merck. High-performance liquid chromatography (HPLC) experiments were per-
formed with an instrument consisting of a Shimadzu LC-20 with a photodiode
array detector, refractive index detector, and binary pump with Shimadzu shim-
pack GIS CN (150 x 4.6 mm, 5 um) column and Bio-rad Aminex HPX-87P (300

x 7.8 mm, 9 um, lead form).

2.2. BRB-F Preparation and Purification Processes

The following samples were prepared for the evaluation of anti-asthma proper-
ties: BRB-F, bioprocessed (fermented) black rice bran/mushroom mycelia;
BRB-F-S, supernatant fraction of BRB-F; BRB-F-W, water-soluble fraction of
BRB-F; BRB-F-P, polysaccharide fraction of BRB-F (Figure 1). BRB-F was pro-
duced according to the previously published method [10], with minor modifica-
tions. Lentinus edodes fungal mycelia were cultured on a potato dextrose agar
(PDA) medium. The mycelium cultured in PDA media was inoculated into 50
mL of the liquid medium. Incubation experiments were performed in 250 mL

Erlenmeyer flasks for 5 days at 28°C on a rotary shaker (120 rpm) and used to
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BRB-F
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Figure 1. Scheme of the purification procedure of bioprocessed black rice bran.

seed the main liquid culture. The main liquid medium contained black rice bran
(100 g/L). Subsequently, the medium was treated with amylase at 60°C for 60
minutes for enzymatic digestion of particulate matter containing carbohydrates.
The culture was then adjusted to pH 6.0 using HCI, and then sterilized in the
autoclave. Experiments on the main liquid culture were started by inoculating
the inoculum (10%) of pre-cultured mycelium using a 5 L fermenter (working
volume of 3 L) at 28°C and 150 rpm. After 3 days, the culture mass was treated
with amylase and an enzyme mixture for cell wall lysis containing cellulose, he-
mi-cellulase, pectinase, glucanase, mannose, and arabinase at 50°C for 60 min.
Subsequently, enzyme-treated cultures were extracted with hot water at 90°C for
1 h and lyophilized with a solid material. BRB-F-S was obtained by removing
insoluble residues from BRB-F, and BRB-F-W was further purified by removing
formed submicro-size lipid particles. BRB-F-P was sequentially purified by re-
moving small-molecular impurities from BRB-F-W. Briefly explaining each step,
the bioprocessed black rice bran (BRB-F) was centrifuged (10,000 g, 10 min, 4°C)
and the supernatant was recovered to obtain BRB-F-S. Thereafter, nano-size li-
pid particle impurities contained in BRB-F-S were extracted with methylene chlo-
ride, and an aqueous solution was obtained through liquid-liquid extraction to
purify BRB-F-W. Low-molecular-weight impurities contained in BRB-F-W were
removed by ultrafiltration (300 kDa cut-off), and a high-molecular fraction (UF

retentate) was recovered to obtain BRB-F-P (Figure 1).
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2.3. Analysis of y-Oryzanol in the Purification Steps of BRB-F

A 0.5 g sample of each preparation was added to 50 mL of ethanol. Ultrasonic
extraction was then performed for 1 hour. The supernatant was collected and ana-
lyzed by filtering with a 0.45 um syringe filter. Table 1 shows the analysis condi-
tions for the standard compound using HPLC.

2.4. Analysis of Component Sugars of BRB-F-P

A 40 mg sample of BRB-F-P was dissolved in 10 mL of 4% sulfuric acid solution
and hydrolyzed at 120°C for 2 hours. Calcium carbonate was added to the hy-
drolyzed sample to adjust the pH to 5 - 6. The supernatant of the pH-adjusted
sample was obtained and analyzed by filtering with a 0.45 um syringe filter. The
analysis conditions of component sugars using HPLC are shown in Table 2.

2.5. RBL-2H3 Cell Culture and -Hexosaminidase Release Assay

The transformed rat basophilic leukemia mast cell line RBL-2H3 from the Ameri-
can Type Tissue Culture Collection (ATCC, Manassas, VA, USA) was cultured
in a modified DMEM containing 10 mM HEPES, 2 mM L-glutamine, 1 mM sodium
pyruvate, 4.5 g/L glucose, 1.5 g/L sodium bicarbonate, and 10% heat-inactivated
FBS. Penicillin (100 U/mL) and streptomycin (100 mg/mL) were also added to
the medium. Cells were cultured at 37°C in a humidified atmosphere with 5%
CO,. As an indicator of an allergic reaction, S-hexosaminidase secretion in
the RBL-2H3 cell line was determined using a published method [11]. Briefly,

Table 1. Analysis method for y-oryzanol by HPLC-PDA.

Instrument Shimadzu LC system
Sampler temp. 10°C
Injection volume 20 uL
Rinse solution 50% MeOH
Mobile phase Mobile Phase A IPA
Mobile Phase B Hexane (1% acetic acid)
Time (min) A (%) B (%)
0 5 95
10 5 95
Gradient 11 100 0
15 100 0
16 5 95
30 5 95
Flow rate 0.5 mL/min
Column Shimadzu Shim-pack GIS CN 150 x 4.6 mm 5 pm
Column oven temp. 30°C
Detector Photodiode array (PDA), 320 nm
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Table 2. Analysis method for component sugar by HPLC-RI.

Instrument Shimadzu LC system
Sampler temp. 10°C
Injection volume 20 uL
Rinse solution Water
Mobile Phase A Water
Mobile Phase B -
Mobile phase Time (min) A (%) B (%)
Isocratic 0 100 0
60 100 0
Flow rate 0.3 mL/min
Column Aminex HPX-87P 300%7.8 mm
Column oven temp. 85°C
Detector Refractive index (RI), 55°C

RBL-2H3 cells were cultured in a 96-well plate (1 x 10° cells/mL). The samples in
tyrode buffer (200 pL; 137 mM NacCl, 2.7 mM KCl, 1.8 mM CaCl,, 1.1 mM MgCl,,
11.9 mM NaHCO;, 0.4 mM NaH,PO,, 5.6 mM glucose, pH 7.2) were added to
each well and incubated for 15 min. The units of concentration are shown in the
figure. To stimulate cells after removal of the extracts by washing with tyrode buf-
fer, calcium ionophore A23187 (10 uM) in tyrode buffer was added for 20 min.
The supernatant (50 puL) containing released f-hexosaminidase was recovered and
it was then mixed with the same volume of p-nitrophenyl-N-acetyl- f-glucosaminide
solution (1 mM, pH 5.2) and incubated for 1 h at room temperature. The reac-
tion was terminated by adding sodium carbonate buffer (67 mM, pH 10.2). The
absorbance of the supernatant was read at 405 nm using a microplate reader
(VersaMax, Molecular Devices Corp., CA, USA).

2.6.U266.B1 Cell Culture and IgE Production

The U266.B1 human multiple myeloma B lymphocyte cells from the American
Type Tissue Culture Collection (ATCC, Manassas, VA, USA) were cultured in a
modified RPMI1640 medium containing 10 mM HEPES, 2 mM L-glutamine, 1
mM sodium pyruvate, 4.5 g/L glucose, 1.5 g/L sodium bicarbonate, and 15%
heat-inactivated FBS. Penicillin (100 U/mL) and streptomycin (100 mg/mL) were
also added to the medium. Cells were cultured at 37°C in a humidified atmos-
phere with 5% CO,. To assess changes in IgE production levels, U266.B1 cells
were stimulated with 10 pg/mL lipopolysaccharide (LPS), 5 ng/mL human IL-4,
and either of the samples for 72 h. The culture supernatants were recovered for
IgE assay using a commercial kit (Biorbyt, San Francisco, CA, USA) according to
the manufacturer’s instructions. Absorbance of the final reaction mixture was read

at 450 nm using a microplate reader.

DOI: 10.4236/fns.2023.144023

346 Food and Nutrition Sciences


https://doi.org/10.4236/fns.2023.144023

K.S. Kwon et al.

2.7. BEAS-2B Cell Culture and Cell Stimulation

The BEAS-2B human bronchial epithelial cells from the American Type Tissue
Culture Collection (ATCC, Manassas, VA, USA) were cultured in a modified
DMEM containing 10 mM HEPES, 2 mM L-glutamine, 1 mM sodium pyruvate,
4.5 g/L glucose, 1.5 g/L sodium bicarbonate, and 10% heat-inactivated FBS. Pe-
nicillin (100 U/mL) and streptomycin (100 mg/mL) were also added to the me-
dium. Cells were cultured at 37°C in a humidified atmosphere with 5% CO,. To
measure chemokine production, BEAS-2B cells were cultured in a 6-well plate (5
x 10° cells/well). Once cells had reached confluence, the cells were pretreated
with 1 mL serum-free medium containing BRB-F-S (10 pg/mL) for 48 h. Then,
10 ng/mL tumor necrosis factor (TNF)-a was treated for 24 h to produce RANTES.
Other cells were incubated for 48 h with 50 ng/mL interleukin (IL)-4 + TNF-a to
produce eotaxin and eotaxin-3. Cell supernatants were collected after 24 or 48 h
for ELISA.

2.8. Animals

Pathogen-free female Balb/c mice, 6 weeks old, were purchased from Koatech
(Gyunggi-do, Korea). The mice were housed in a stainless-steel cage under a 12
h light/dark cycle with a temperature range of 23°C + 3°C and relative humidity
of 50% * 10%. Mice were fed the pelletized normal commercial chow diet (Cat.
No. 5L79, Orient Bio, USA) and tap water ad /ibitum for 1 week after arrival for

acclimation.

2.9. Antigen Sensitization, Challenge, and Treatment

The protocol for sensitization and inhalational challenge was performed ac-
cording to the method of Temelkovski et al [12] (1998) with slight modifica-
tions. Briefly, acclimatized Balb/c mice were arbitrarily divided into the follow-
ing groups (n = 10), avoiding any intergroup difference in body weight: Nor-
mal mice, OVA only, BRB, BRB-F and its purified fractions-treated groups
(BRB—extracts of BRB; BRB-F—bioprocessed product; and BRB-E-S, BRB-F-W
and BRB-F-P—isolated fractions of bioprocessed product). Mice in the OVA
sensitization/challenge group were intraperitoneally sensitized with 20 pg of
OVA emulsified with 0.2 mL of 1 mg aluminum hydroxide in phosphate-buffered
saline (PBS, pH 7.4). Mice in the vehicle group were intraperitoneally sensitized
with phosphate-buffered saline (PBS, 0.2 mL, pH 7.4). Injections were per-
formed three times on days 1, 8, and 15. The sensitized mice were subjected to
OVA challenge by placing each mouse individually in a Plexiglass box (43.5 x
27.5 x 31.5 cm). Challenge was continued with repeated exposure to an aerosol
of 1% OVA using an ultrasonic nebulizer (NE-U12, Omron Co., Kyoto, Japan).
Mice were then similarly exposed to OVA for 30 min once a day for 5 consecu-
tive days (day 25 to 29). The vehicle-treated group was subjected to PBS expo-
sure. For the treated groups, mice sensitized/challenged with OV A as described

were orally administered with either of the extracts for 14 consecutive days (day
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16 to 29). PBS was used as vehicle, and all extracts were administered in the diet.
All mice were sacrificed by CO, inhalation 24 h after the last (day 30) to assess
the asthma inhibitory effect of BRB-F and its purified products. The described
experimental design is schematically shown in Figure 2. All experimental proce-
dures were carried out in accordance with the guidelines of the Institutional
Animal Care and Use Committee at Chuncheon Bioindustry Foundation (CBF
IACUC No. 2021-010).

2.10. Collection of Bronchoalveolar Fluid (BALF) and Blood

For the collection of BALF, tracheotomy was performed as follows. The tracheas
exposed by cannulating upper tracheas and BALF were carefully collected by
twice lavaging with ice-cold PBS (2 mL). Collected lavage fluids were then cen-
trifuged at 2000 g for 1 min at 4°C. The recovered supernatants were set aside
and kept at —70°C until further analysis. Cell pellets were resuspended in warm
RPMI 1640 media, followed by slide preparation by centrifuge (Micro 17R, Ha-
nil Science, Incheon, Republic of Korea) and staining with Wright-Giemsa stain.
The slides were observed at x40 magnification for differential cell counts by
counting a total of 300 cells per slide under light microscopy (CKX41, Olympus,
Tokyo, Japan). The total cell number in BALF was also measured by microscopic
cell counting using a hemocytometer. Blood was collected by cardiac puncture

from the sacrificed mice.

2.11. Histological Analysis

The exsanguinated left lung was removed from the chest cavity and fixed with
4% paraformaldehyde in phosphate buffer (0.5 M, pH 7.4). Lobes were isolated,
dehydrated with ethanol, and embedded in paraffin. The tissues were then cut to
a thickness of 4 pm and mounted onto glass slides. To observe inflammatory cell
infiltration, the sections were dewaxed using xylene and ethanol, stained with
hematoxylin and eosin Y (H&E), and examined by light microscopy (CKX41,
Olympus, Tokyo, Japan).

Sacrifice

Sensitization with 20 pg OVA + 1 mg Alu (i.p.) with 1% O VA

Challenge

‘ EREREN

Day 8 15 16 25 30
N I A I o o
rcrrrrerrrerrrerrrr e

Treatment
Figure 2. Scheme of OVA-induced asthma mouse model.
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2.12. Statistical Analysis

Results are expressed as the mean * SD of three independent experiments. Sig-
nificant differences between means were determined by the analysis of variance
(ANOVA) test using the Statistical Analysis Software package SAS (Cary, NC,
USA). p < 0.05 is regarded as significant.

3. Results

3.1. Analysis of y-Oryzanol in the Purification Steps of BRB-F and
Analysis of Component Sugars of BRB-F-P

Because y-oryzanol is a bioactive compound in black rice bran, we determined
its content in BRB-F and its isolated fractions BRB-F-S, and BRB-F-W. p-Oryzanol
was present in BRB-F, but its content decreased through the purification steps. It
was not detected in the polysaccharide fraction, BRB-F-P (Figure 3 and Table
3). The content of component sugars in the polysaccharide fraction BRB-F-P
was 96%, with the main polysaccharide constituents being glucose and galactose
(Figure 4 and Table 4).

3.2. Inhibitory Effect of BRB-F and Its Isolated Fractions on Mast
Cell Activation

F-hexosaminidase is stored in the granules of mast cells and is degranulated and
secreted when mast cells generate immune activity. To confirm the anti-allergic
effect, the inhibition of f-hexosaminidase secretion, which is an indicator of de-
granulation of cells during an allergic reaction, was observed using the RBL-2H3
mast cell line as the main allergic response cell. In RBL-2H3 cells, degranulation
was induced by treatment with A23187 and the amount of S-hexosaminidase
was increased. Upon treatment with either 100 ug/mL of BRB or BRB-F, a 50%
inhibitory effect was confirmed. The inhibitory activity was increased in a

dose-dependent. The units of concentration are shown in Figure 5 and Figure 6.

Table 3. Analysis of y-oryzanol in BRB-F and its isolated fractions.

Retention time Cal conc. Cal cont.
Sample . Area
(min) (mg/L) (mg/g)
BRB-F 5.987 2286906 42.375 4.11
BRB-E-S 5.973 1046065 19.081 1.85
BRB-F-W 5.972 119891 <LLOQ <LLOQ
BRB-F-P 0.000 0 0.000 0.00

Table 4. Analysis of component sugars in BRB-F-P.

Glucose Xylose Galactose  Arabinose = Mannose Total
Sample Cal cont.  Cal cont. Cal cont. Cal cont. Cal cont.  Cal cont.
(mg/g) (mg/g) (mg/g) (mg/g) (mg/g) (mg/g)
BRB-E-P 885.50 <LLOQ 77.00 <LLOQ 0.00 962.50
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Figure 3. Analysis chromatogram of y-oryzanol in BRB-F and its isolated fractions.

However, the S-hexosaminidase secretion inhibitory activity gradually decreased
according to the sequential purification process of BRB-F, and thus no activity

was observed in the final BRB-F-P purification fraction (Figure 5).

3.3. Inhibition of IgE Production in a B Cell Line by BRB-F and Its
Isolated Fractions

The inhibitory effect of the bioprocessed products on the levels of IgE secreted
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Figure 4. Analysis chromatogram of component sugars in BRB-F-P.

120 4

p-hexosaminidase activity (%)

Veh - 100 1 10 100 1 10 100 1 10 100 1 10 100 (pg/mL)
BRB BRB-F BRB-F-S BRB-F-W BRB-F-P

10 pM Calcium ionophore A23187

Figure 5. Inhibitory effect of BRB-F and its isolated fractions on mast cell activation (degranulation) RBL-2H3
mast cells were stimulated for 20 minutes with A23187 after each sample treatment for 15 minutes, and then the
amount of S-hexosaminidase in the supernatant was measured. Data are expressed as mean + SD (n = 3). Bars
sharing a common letter are not significantly different between groups at p < 0.05.

by stimulation with LPS and IL-4 in the human B cell line U266.B1 was investi-
gated. BRB-F and the further purified fractions were utilized (1 - 100 ug/mL) to
treat U266.B1 cells for 72 h, then the amount of IgE in culture medium was meas-
ured using the ELISA method. LPS and IL-4 stimulation increased the amount of
IgE 47-fold (508.2 + 68.1 ng/mL) in U266.B1 cells compared to vehicle (10.7 +
2.3 ng/mL), and treatment with 100 pg/mL BRB inhibited IgE production by
11%. When the BRB-F samples were added at 1 - 100 pg/mL, a dose-dependent
inhibitory effect was observed, and a difference in the inhibitory effect, accord-

ing to the recovery rate of the isolated fraction, was also observed (Figure 6).
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Figure 6. Inhibitory effect of BRB-F and its isolated fractions on IgE production in B cells. U266.B1 cells, each
sample was treated with LPS (10 ug/mL) and IL-4 (5 ng/mL) for 72 h, and the amount of IgE was measured by

ELISA by collecting the supernatant. Data are expressed as mean + SD (n = 3). Bars sharing a common letter are

not significantly different between groups at p < 0.05.

Note that because sensitization and stimulation are required to occur at the

same time, a single stimulus by LPS or IL-4 alone will not activate the cells.

3.4. Inhibition of Chemokine Production in BEAS-2B Human
Bronchial Epithelial Cells by BRB-F-S

To evaluate the inhibition by BRB-F-S (10 ug/mL) of the production of chemo-
kines secreted upon treatment with TNF-a alone or IL-4 and TNF-a combined
in BEAS-2B human bronchial epithelial cells, the amount of chemokine (RANTES,
eotaxin or eotaxin-3) secreted into the culture medium was measured using the
ELISA method. In BEAS-2B cells, treatment with TNF-a alone resulted in a
19-fold increase in the amount of RANTES (277.0 + 22.3 pg/mL) compared to
vehicle (14.5 + 4.4 pg/mL), and pre-treatment with 10 ug/mL of BRB-F-S inhi-
bited this stimulation by 43% (164.2 + 4.0 pg/mL). In addition, the increases in
eotaxin and eotaxin-3 upon treatment with IL-4 + TNF-a were inhibited by 58%

and 21%, respectively, by pre-treatment with BRB-F-S (Figure 7).

3.5. Inhibition of OVA-Specific IgE Production in BALF

In the OV A-induced asthma mouse model, the inhibitory effect on OV A-specific
IgE production in BALF by the administration of BRB-F and the isolated frac-
tions was confirmed using the ELISA method. The amount of OV A-specific IgE
in the BALF of the OV A-only group was increased 25-fold (175.3 + 11.7 ng/mL)

compared to the normal group (7.1 = 0.6 ng/mL). In the group administered
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Figure 7. Inhibitory effect of BRB-F-S on the inflammatory reaction in bronchial epithelial cells. BEAS-2B bronchial epithelial
cells were treated with BRB-F-S for 48 hours, and then stimulated by treatment with TNF-a or IL-4 + TNF-a. Thereafter, the
amounts of RANTES, eotaxin, and eotaxin-3 in the supernatant were measured by ELISA. Data are expressed as mean * SD (n =

3). Bars sharing a common letter are not significantly different between groups at p < 0.05.

with 40 mg/kg of BRB and BRB-F, the inhibition was 13% and 60%, respectively.
Considering the recovery rate according to sequential purification, when BRB-F-S,
BRB-F-W, and BRB-F-P were administered at a dose corresponding to 40 mg/kg
of BRB-F, 70%, 67%, and 69% inhibition was shown, respectively (Figure 8). Note
that only OV A-specific IgE was measured using the OV A-specific IgE ELISA kit,
not total IgE.

3.6. Inhibition of OVA-Specific IgG Isotype (IgG, IgG1, IgG2a)
Production in Serum

In the OVA-induced asthma mouse model, the ability of BRB-F and isolated frac-
tions to inhibit the production of OV A-specific IgG isotypes (IgG, IgG1, IgG2a)
in serum was confirmed. Asthma-induced mice showed a 51-fold, 34-fold, and
4-fold increase in total IgG, IgGl, and IgG2a levels, respectively, compared to
the normal group. Mice administered with BRB and BRB-F at 40 mg/kg showed
13% and 58% inhibition, respectively, of total IgG production. Considering the
recovery rate according to sequential purification, when BRB-F-S, BRB-F-W, and
BRB-F-P were administered at a dose corresponding to 40 mg/kg of BRB-F, 63%,
53%, and 61% inhibition was seen, respectively (Figure 9). IgG1 production was
inhibited by 9%, 61%, 71%, 54%, and 64% (BRB, BRB-F, BRB-F-S, BRB-F-W
and BRB-F-P, respectively), and IgG2a production was inhibited by 36%, 39%,
32%, 29%, and 36%, respectively.

As a result of measuring the total amount of IgG, IgGl, and IgG2a in serum
and comparing the activation of the Th1/Th2 immune response, when BRB-F
and its purified fractions were administered, they had an excellent inhibitory ef-

fect on the production of total IgG and IgG1l compared with BRB. In contrast,
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Figure 8. The OVA-specific IgE level in bronchoalveolar lavage fluid (BALF) from the
OVA-induced asthma mouse model orally administered with BRB, BRB-F, and its puri-
fied products. BALF was collected from mice by lavaging tracheas with PBS. After centri-
fugation, supernatant was recovered from each mouse group and the OVA-specific IgE
level in BALF was quantified using the ELISA kit. Data are expressed as mean + SD (n =
10). Bars sharing a common letter are not significantly different between groups at p <
0.05.

the inhibitory effects of BRB-F and isolated fractions on IgG2a production were
almost the same as those of BRB. In summary, the inhibitory effect on IgG1 gen-
erated by the Th2 immune response is greater than the inhibitory effect on IgG2a
generated by the Th1l immune response. Only the fraction of OV A-specific isotypes
(IgG, IgG1, and IgG2a), not total, was measured.

3.7. Effect of BRB-F and Its Isolated Fractions on Secretion of Th1,
Th2, and Treg Cytokines

In a mouse model of OVA-induced asthma, the effects of administering BRB-F
and its isolated fractions on Thl, Th2, and Treg cytokines secreted in BALF and
serum were confirmed. The amounts of the Th2 cytokines IL-4, IL-5, and IL-13
in the BALF of the asthma-induced mice were around, or more than, 10-fold
greater than those in the BALF of normal mice. The production of all three cy-
tokines was inhibited by about 10% in the group administered with 40 mg/kg of
BRB, and by more than 50% in the group administered with BRB-F. The cyto-
kines were also inhibited by 50% or more in the groups administered with the
isolated fractions (BRB-F-S, BRB-F-W and BRB-F-P) at a dose corresponding to
40 mg/kg BRB-F (Table 5). The amounts of the Th1 cytokines IL-2 and IL-12 in
the serum of the asthma-induced mice was 33% - 50% lower than that of the

normal mice. The amounts of IL-2 and IL-12 were recovered by 15% and 24%,
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Figure 9. OVA-specific IgG, IgG1, and IgG2a level in serum from OV A-induced asthma mouse model orally administered with BRB,
BRB-F, and its purified products. Blood was collected by cardiac puncture and serum was collected after blood clotting reaction. The
resultant supernatant was quantitatively assayed for IgG, IgG1, and IgG2a levels of each mouse group using the ELISA method. Data
are expressed as mean + SD (n = 10). Bars sharing a common letter are not significantly different between groups at p < 0.05).

Table 5. Effects of BRB and its isolated fractions on Thl and Th2 cytokines.

Cytokine production (ng/mL)

BALF Serum

IL-4 IL-5 IL-13 IL-2 IL-12 IL-10
Vehicle 8.3 +0.6° 10.7 + 0.8¢ 112 +0.9¢ 18.3 + 1.5° 252.2 +20.7° 98.3 + 8.7°
OVA only 81.5 +7.2° 132.9+11.2° 1382+ 10.7° 10.5+0.9¢ 173.6 + 15.3¢ 51.2 +4.3¢
BRB (40 mg/kg) 75.9 + 4.8° 118.9 + 8.9 115.1 +10.5* 11.7 £ 0.8° 192.4 + 9.8 66.7 + 4.2¢
BRB-F (40 mg/kg) 448 +35° 76.2 +5.4° 715+ 5.8 152 +1.1° 213.7 +17.2° 76.9 + 5.6°
BRB-F-S (16 mg/kg) 38.1+2.9° 62.4 +3.9° 60.9 +5.9° 16.3 + 1.3® 238.5 +10.5° 82.3+7.2°
BRB-F-W (12 mg/kg) 40.6 +3.3° 66.8 5.6 65.4 +6.1° 15.8 + 1.4® 226.7 + 16.4° 77.5 + 5.9°
BRB-F-P (4 mg/kg) 402 +2.7° 63.6 £2.7° 632 +4.7° 16.0 + 1.5® 229.4 + 14.8° 79.1 +6.1°

Values in each column with the same superscript letters are not significantly different between groups at p < 0.05.
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respectively, in the group administered with 40 mg/kg of BRB and by 60% and
51%, respectively, in the group administered with BRB-F. The levels of IL-2 and
IL-12 in the groups administered with the isolated fractions at a dose corres-
ponding to 40 mg/kg BRB-F also recovered more than 60%. The amount of IL-10 in
serum as Treg cytokine was reduced 50% by asthma induction compared to that
in the normal group. The group administered with BRB and BRB-F recovered
33% and 55%, respectively, and the group administered with the isolated frac-

tions of BRB-F also recovered more than 60%.

3.8. Effect of BRB-F and Its Isolated Fraction on Immune Cell
Infiltration in BALF

The effect of administration of BRB-F and its isolated fraction on the immune
cell population in BALF in the OVA-induced asthma mouse model was deter-
mined. The total number of immune cells in BALF increased 5-fold (1.62 + 0.11
x 10° cells) upon induction of OVA compared to the normal group (0.34 + 0.02
x 10° cells). Administration of 40 mg/kg of BRB and BRB-F reduced the total
number of immune cells in BALF by 11% and 39%, respectively. The group ad-
ministered the isolated fractions of BRB-F showed a reduction effect of 40% or
more (Figure 10). In addition, the cell types (lymphocyte, neutrophil, macro-
phage, and eosinophil) present in the BALF were measured. For asthma-induced
mice, it was confirmed that the number of these immune cells was increased 12-,
9-, 4-, and 49-fold, respectively, compared to those in normal mice. Infiltration
by these immune cells was also found to be inhibited by the administration of
BRB-F and its isolated fractions. The data are based on specific, not overall, in-
hibition.

3.9. Effect of BRB-F and Its Isolated Fractions on Relief of
Inflammation in Lung Tissue

To evaluate the anti-inflammatory effect of BRB-F and its isolated fractions in
the lung tissue of a mouse model of OVA-induced asthma, cells were stained
with hematoxylin & eosin Y. As asthma was induced by OVA, it was confirmed
that the infiltration of immune cells in the lung tissue increased compared to the
normal group. Conversely, it was found that BRB, BRB-F and its isolated frac-
tions had a protective effect on lung tissue by suppressing immune cell infiltra-

tion and reducing inflammation (Figure 11).

3.10. Effect of BRB-F and Its Isolated Fractions on Relief of
Inflammation in Lung Tissue

The levels of chemoattractants (eotaxin, vascular cell adhesion molecule-1
(VCAM-1)) and eicosanoids (leukotriene-4 (LTC,), prostaglandin D2 (PGD,))
that indicate airway inflammation were confirmed using the ELISA method. As
asthma was induced by OVA, the amounts of all four inflammatory mediators
increased in BALF compared to those in the normal group. There was an inhi-

bitory effect on all inflammatory mediators of approximately 25% or more in the
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Figure 10. Inhibitory effect of BRB-F and its isolated fractions on immune cell infiltra-
tion in OVA-induced asthma mouse model. BALF was collected and centrifuged to ob-
tain cell pellets, which were resuspended in PBS, followed by centrifuging onto slide glass
and subsequent staining with Wright-Giemsa staining. The slides were microscopically
observed (magnification, x40) for differential cell count by counting a total of 300 cells
per slide (B). Total cell number in BALF was measured by cell counting using a hemocy-
tometer (A). Data are expressed as mean = SD (n = 10). Bars sharing a common letter are
not significantly different between groups at p < 0.05.

group administered with 40 mg/kg of BRB, and an inhibitory effect of approx-
imately 70% in the BRB-F group. The administration of all the isolated fractions
of BRB-F resulted in an inhibitory effect of 70% or more on all inflammatory me-
diators, confirming an inhibitory effect similar to that of BRB-F (Table 6).
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Figure 11. Example inhibitory effect of BRB-F and its isolated fractions on lung inflammation in an OVA-induced asthma mouse
model. Lung tissues from mice were harvested and fixed with 10% (v/v) paraformaldehyde. The fixed tissues were sectioned to 4
um, followed by staining with hematoxylin and eosin Y (H&E) and light microscopy (magnification, x100). The black arrows in-
dicate the aggregation of inflammatory cells, and the black vertical line indicates the airway wall thickness. Arrows indicate the
level of tracheal edema that resulted from inflammatory cell infiltration in lung tissue from each mouse group. Figures represent

the average of at least three individual repetitions).

Table 6. Effects of BRB and its isolated fractions on chemoattractant and eicosanoid

production.
Chemoattractants (pg/mL) Eicosanoids (ng/mL)
Eotaxin VCAM-1 LTC4 PGD2
Vehicle 32.7+3.7¢ 3.5+0.2° 472 £ 4.3° 31.4+2.8¢
OVA only 139.4 £ 10.9% 28.7 +2.4° 92.5+5.9% 729 £ 6.9*

BRB (40 mg/kg) 112.8 +8.7 21.6 2.5 82.5+ 6.7 55.8 + 5.5
BRB-F (40 mg/kg)  63.6+7.2° 15.7 £ 1.9 56.8 + 5.5° 42.7 £ 3.7°
BRB-F-S (16 mg/kg)  54.7 + 6.8° 124 + 1.4¢ 472 £5.3° 41.9 + 4.8°
BRB-F-W (12 mg/kg)  60.9 £ 5.4° 12.9£0.9¢ 53.9 + 6.4 44.9 +3.1°
BRB-F-P (4 mg/kg) 554 +6.2° 13.5 + 1.5% 51.4 + 4.7 40.3 +3.9°

Values in each column with the same superscript letters are not significantly different
between groups at p < 0.05.

3.11. Effect on Inflammatory Cytokines and Chemokines in BALF

The effect of the administration of BRB-F on the production of inflammatory
cytokines and chemokines in the BALF in a mouse model of OVA-induced
asthma was evaluated. As asthma was induced by OV A induction, the amount of
the three inflammatory cytokines TNF-aq, IL-14, and IL-6 increased compared to
the normal group. For example, TNF-a increased three-fold (73.5 + 5.7 pg/mL)
in the asthma-induced group compared to levels in the normal group (27.7 £ 3.6
pg/mL). The administration of 40 mg/kg BRB inhibited the amount of TNF-ain
BALF by 6%, and BRB-F inhibited TNF-ain BALF by 76%. TNF-a was inhibited
by 70% or more in the groups administered with the isolated fractions (at a dose
corresponding to 40 mg/kg BRB-F). IL-15 and IL-6 were also reduced by BRB-F
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and the isolated fractions (Table 7). In addition, as asthma was induced by
OVA, the level of the chemokine CXCLI1 in BALF increased about three-fold
(209.7 £ 19.5 pg/mL) compared to that in the normal group (82.5 + 7.6 pg/mL),
and administration of BRB, BRB-F and isolated fractions BRB-F-S, BRB-F-W
and BRB-F-P inhibited the increase in CXCLI1 by 16%, 53%, 64%, 57%, and 52%,

respectively.

3.12. Inhibition of Inmunoglobulin Production in Relation to the
Dose of BRB-F-S

To confirm the relationship between the asthma inhibitory effect and the dose of
BRB-F-S, the immunoglobulin production inhibitory effect was determined at
four different doses. The dose of BRB-F-S was 20, 40, 80, and 160 mg/kg BRB-F
equivalents, in consideration of the recovery rate compared to BRB-F. The amount
of OV A-specific IgE, IgG, IgG1, and IgG2a increased compared to the normal
group upon asthma induction but decreased at a level dependent on the concen-
tration of BRB-F-S administered. When BRB-F-S at the maximum dose of 64
mg/kg was administered, the inhibitory effects were 68%, 71%, 81%, and 55% for
IgE, IgG, IgG1, and IgG2a, respectively (Figure 12).

3.13. Effect of BRB-F-S on Secretion of Th1, Th2, and Treg
Cytokines in Relation to Dose

The levels of Th2 cytokines (IL-4, IL-5, IL-13) present in the BALF from the
OVA-induced asthma mouse model were shown to increase on asthma induc-
tion compared to the normal group. As the dose of BRB-F-S administered to the
mice increased, greater inhibition of Th2 cytokine production was observed.
When BRB-F-S was administered at the maximum dose of 64 mg/kg, the levels
of IL-4, IL-5, and IL-13 were inhibited by 66%, 56%, and 62%, respectively
(Table 8). The levels of Thl cytokines and Treg cytokine (IL-2, IL-12, and IL-10)

Table 7. Effects of BRB and its isolated fractions on pro-inflammatory cytokine and che-
mokine production.

Pro-inflammatory cytokine (pg/mL) Chemokine (pg/mL)

TNF-a IL-18 IL-6 CXCL1

Vehicle 27.7+3.6° 315+44° 197 +2.6° 82.5+7.6°
OVA only 735+57° 59.8+6.9°  42.4+3.7° 209.7 + 19.5°
BRB (40 mg/kg) 709 £6.8°  557%51°  40.9 4.5 189.4 + 21.7°
BRB-F (40 mg/kg)  38.5+4.2° 394145 258+33° 141.7 + 16.8°
BRB-F-S (16 mg/kg) 369 +£4.9°  402+37° 239+3.1° 128.9 +10.7°
BRB-F-W (12 mg/kg) 41.7+58"  36.8+4.8  27.8+2.9° 137.5 + 15.6°
BRB-F-P (4 mg/kg) 354+4.1° 39.7+51° 259+35° 143.4 +17.4°

Values in each column with the same superscript letters are not significantly different
between groups at p < 0.05.
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Table 8. Dose-dependent effects of BRB-F-S on Th1 and Th2 cytokines.

Cytokine production (ng/mL)

BALF Serum
IL-4 IL-5 IL-13 IL-2 IL-12 IL-10

Vehicle 18.5+2.1° 16.3 + 1.5¢ 159 + 1.3¢ 27.8 +3.1° 253.7 £ 22.6° 93.4 + 8.5°

OVA only 107.6 £ 8.9° 151.5+13.7°  163.7 £ 15.1° 7.9 £0.8° 168.9 + 14.1¢ 482 +3.7¢
BRB-F-S (8 mg/kg) 77.6 + 8.5° 113.6 +10.9° 111.7 £ 12.9° 143 +1.5¢ 182.8 + 20.8" 60.6 +5.9¢
BRB-F-S (16 mg/kg) 60.3 + 5.4° 86.5 + 9.5° 89.3 + 9.5 18.1 £ 1.3 196.3 +21.6° 75.4 + 6.4°
BRB-F-S (32 mg/kg) 54.8 + 4.7 80.5 + 8.3¢ 77.5 + 7.2 20.3 +2.2% 205.7 +17.2° 81.7 + 7.2%
BRB-F-S (64 mg/kg) 489 +5.1¢ 75.9 + 6.8° 71.8 £ 5.6¢ 227 +1.7° 216.3 +15.6° 88.9 + 8.9°

Values in each column with the same superscript letters are not significantly different between groups at p < 0.05.
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Figure 12. Dose-dependent inhibitory effect of BRB-F-S on immunoglobulin production in the OVA-induced asthma mouse
model. BALF was collected from mice by lavaging tracheas with PBS. After centrifugation, supernatant was recovered from each
mouse group and OV A-specific IgE level was quantified in BALF using the ELISA kit (A). Blood was collected by cardiac puncture
and serum was collected after blood clotting reaction. The resultant supernatant was quantitatively assayed for IgG, IgGl, and
IgG2a levels of each mouse group using the ELISA method (B-D). Data are expressed as mean + SD (n = 10). Bars sharing a common
letter are not significantly different between groups at p < 0.05.
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present in the serum were also measured: all three were reduced by asthma in-
duction and recovered by administering BRB-F-S in a dose-dependent manner.
When BRB-F-S was administered at the maximum dose of 64 mg/kg, the amounts
of IL-2, IL-12, and IL-10 were recovered by 74%, 56%, 90%, respectively.

3.14. Effect of BRB-F-S on Immune Cell Infiltration and Lung
Inflammation in Relation to Dose

The effect of BRB-F-S on the total number of immune cells and cell population
in BALF from the OVA-induced asthma mouse model was confirmed. The total
number of immune cells increased upon asthma induction, compared to the
normal group, and, as the dose of BRB-F-S administered increased, the inhibi-
tion of infiltration by immune cells in BALF also increased (Figure 13). This
was confirmed by staining with hematoxylin & eosin Y to evaluate the an-
ti-inflammatory effect in the lung tissue, in which the infiltration of immune
cells in the lung tissue was increased by asthma induction. However, the infiltra-

tion was inhibited by BRB-F-S in a dose-dependent manner (Figure 14).

3.15. Dose-Dependent Effects of BRB-F-S on Chemoattractants
and Eicosanoids

In the OVA-induced asthma mouse model, the amounts of chemoattractants
(eotaxin, VCAM-1) and eicosanoids (LTC,, PGD,) in BALF were shown, using
the ELISA method, to be increased by induction of asthma compared to the
normal group. As the dose of BRB-F-S increased, the inhibitory effect on the
production of chemoattractants and eicosanoids in BALF also increased. When
BRB-F-S was administered at the maximum dose of 64 mg/kg, the production of
eotaxin, VCAM-1, LTC,, and PGD, was inhibited by 79%, 83%, 78%, and 93%,
respectively (Table 9).

3.16. Dose-Dependent Effects of BRB-F-S on Chemoattractants
and Eicosanoids

As asthma was induced, the amounts of inflammatory cytokines (TNF-q, IL-15,

Table 9. Dose-dependent effects of BRB-F-S on chemoattractants and eicosanoids pro-

duction.
Chemoattractants (pg/mL) Eicosanoids (ng/mL)
Eotaxin VCAM-1 LTC4 PGD2
Vehicle 30.3+3.2¢ 3.1+0.3f 354 +2.9° 359 +2.9¢
OVA only 141.9 £13.9° 30.8 £2.7° 112.7 £ 10.7° 95.6 +8.1*

BRB-F-S (8 mg/kg) 79.3 £ 5.6° 20.3+1.9° 77.9 +5.8° 65.8+6.7°
BRB-F-S (16 mg/kg)  66.8 + 7.1b° 13.4 + 1.4° 66.7 + 4.7° 53.9 + 5.5
BRB-F-S (32 mg/kg)  59.6 + 4.8° 9.7 +0.8¢ 59.1 + 5.5 46.8 +3.8°
BRB-F-S (64 mg/kg)  54.2 +5.9° 7.7 £ 0.6° 52.5+4.3¢ 40.3 +3.9¢

Values in each column with the same superscript letters are not significantly different
between groups at p < 0.05.
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Figure 13. Dose-dependent inhibitory effect of BRB-F-S on immune cell infiltration in OVA-induced

asthma mou

se model. BALF was collected and centrifuged to obtain cell pellets, which were resuspended

in PBS, followed by centrifuging onto slide glass and subsequent staining with Wright-Giemsa staining.

The slides were microscopically observed (magnification, x40) for differential cell count by counting a

total of 300 cells per slide (B). Total cell number in BALF was measured by cell counting using a hemo-

cytometer (A). Data are expressed as mean * SD (n = 10). Bars sharing a common letter are not signifi-

cantly different between groups at p < 0.05.
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Normal mice

AL
RTINS,

Figure 14. Dose-dependent inhibitory effect of BRB-F-S on lung inflammation in OVA-induced asthma mouse model. Lung tis-
sues from mice were harvested and fixed with 10% (v/v) paraformaldehyde. The fixed tissues were sectioned to 4 um, followed by
staining with hematoxylin and eosin Y (H&E) and light microscopy (magnification, x100). The black arrows indicate the aggrega-
tion of inflammatory cells, and the black vertical line indicates the airway wall thickness. Arrows indicate the level of tracheal
edema that resulted from inflammatory cell infiltration in lung tissue from each mouse group. Figures represent the average of at
least three individual repetitions.

IL-6) and chemokines (CXCL1) in BALF were increased compared to the nor-
mal group. However, as the dose of BRB-F-S increased, it was confirmed that
the level of inflammatory cytokines and chemokines in BALF decreased in a
dose-dependent manner. When BRB-F-S was administered at the maximum
dose of 64 mg/kg, the production of TNF-q, IL-15, IL-6, and CXCL1 was inhi-
bited by 89%, 95%, 92%, and 86%, respectively (Table 10).

3.17. Dose-Dependent Inhibitory Effect of BRB-F-S on TSLP
Production

The cytokine thymic stromal lymphopoietin (TSLP) induces a Th2 immune re-
sponse by differentiating naive ThO cells into Th2 cells, and it is mainly secreted
from bronchial epithelial cells and skin keratinocytes at the initiation stage of al-
lergic disease. Excessive secretion of TSLP induces a Th2 immune response to
advance or aggravate allergic diseases, so the effect of BRB-F-S administration
on TSLP secretion was investigated. There was a 2-fold (80.9 + 7.6 pg/mL) in-
crease in TSLP in the asthma induction group compared to the normal group
(41.5 + 3.8 pg/mL), and as the administered dose of BRB-F-S increased, so there
was an increased inhibition of TSLP production. When BRB-F-S was adminis-
tered at the maximum dose of 64 mg/kg, the inhibitory effect was 91% (Figure
15).

4. Discussion

The results presented in Figures 1-15 and Tables 1-10 of the present study show
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Table 10. Dose-dependent effects of BRB-F-S on pro-inflammatory cytokines and che-
mokine production.

Pro-inflammatory cytokine (pg/mL) Chemokine (pg/mL)

TNF-a IL-18 IL-6 CXCL1
Vehicle 219+1.8" 252+24% 159+14° 75.9 £ 5.8°
OVA only 76859  61.1+58  41.8+3.5° 236.2 £ 21.7°
BRB-F-S (8 mg/kg)  50.4+42° 422+1.9° 30.1%27° 141.2 £13.5°
BRB-F-S (16 mg/kg) 38.7 £2.1°  324+22° 227 +2.1° 118.9 +10.9¢
BRB-F-S (32 mg/kg) 32.6+2.7% 285+2.1¢ 20.6+2.29 105.6 + 7.8
BRB-F-S (64 mg/kg) 27.8+1.9° 269+ 1.6° 18.1 +1.6¢ 98.1 +6.4¢

Values in each column with the same superscript letters are not significantly different
between groups at p < 0.05.
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Figure 15. Dose-dependent inhibitory effect of BRB-F-S on TSLP production in the
OVA-induced asthma mouse model. BALF was collected from mice by lavaging tracheas
with PBS. After centrifugation, supernatant was recovered from each mouse group and
the TSLP level in BALF was quantified using the ELISA kit. Data are expressed as mean *
SD (n = 10). Bars sharing a common letter are not significantly different between groups
at p<0.05.

that exposure of mast cells, B cells, and mice to the bioprocessed product and its
purified fractions reduced the levels of multiple biomarkers that are known to
cause the manifestations of allergic asthma. Specifically, in cell studies, the bio-
processed black rice bran/mushroom mycelia formulation (BRB-F) and three
isolated fractions BRB-F-S, BRB-F-W, and BRB-F-P (Figure 1) inhibited mast
cell activation, and also inhibited IgE production in U266.B1 cells. Therefore, the

formulation might effectively control allergic diseases such as asthma via this in-
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hibition. In addition, the fraction BRB-F-S inhibited the inflammatory reaction
in BEAS-2B bronchial epithelial cells, as determined by changes in eotaxin and
eotaxin-3. The inhibition of mast cell activation was decreased by the sequential
purification process of BRB-F, but, until BRB-F-S, degranulation-inhibiting phy-
siologically active ingredients remained, so it was judged that it would be possi-
ble to prevent and treat various allergic diseases by effectively inhibiting degra-
nulation in mast cells.

In mouse models, changes were observed in OV A-specific IgE levels in bron-
choalveolar lavage fluid (BALF) in response to BRB and the four bioprocessed
samples, and in OV A-specific IgG, IgGl, and IgG2a in serum from asthma mice,
and in terms of infiltration of lymphocytes, neutrophils, macrophages, and eo-
sinophils. Administering each of the four bioprocessed samples inhibited lung
inflammation in asthma mice, as determined by the histology of lung tissues.
The BRB-F-S bioprocessed fraction was shown to have a dose-dependent inhi-
bitory effect on immunoglobulin production in blood and BALF, on lung in-
flammation in mice, as determined by the histology of lung tissues, and on TSLP
levels in BALF.

Other effects of the active products on asthma biomarkers include additional
changes associated with the mechanism of asthma inhibition. For example, the
inhibitory effects of BRB and the four bioprocessed samples on the production
of the cytokines IL-4. IL-5, and IL-13 in BALF and IL-2, IL-12, and IL-10 in se-
rum were observed; BRB and the four samples had an effect on the levels of the
chemoattractants eotaxin and VCAM-1, the eicosanoids LTC, and PGD,, and on
pro-inflammatory cytokines TNF-a, IL-14, and IL-6 and chemokine CXCLL The
extract BRB-F-S had dose-dependent effects on the production of cytokines IL-4,
IL-5, and IL-13 in BALF and IL-2, IL-12 in serum; on eotaxin, VCAM-1 LTC,
and PGD,; and on proinflammatory cytokines TNF-a, IL-15, and IL-6, and che-
mokine CXCLIL

The dose-dependent effects of the newly developed functional foods in vitro
and in vivo reported here demonstrate the beneficial anti-asthma effects of these
food products that need to be investigated further in human trials with asthmat-
ic adults and children. The findings also enhance our understanding of the me-
chanism that seems to govern the anti-asthma effect in terms of changes in an-
ti-inflammatory, immunochemical, and other biomarkers in BALF and serum,
and the observed regeneration of lung tissues demonstrated by histology.

New functional foods obtained by bioprocessing black rice bran with mu-
shroom mycelia may have additional health benefits. Colored (pigmented) rice
flours are good sources of nutrients and biologically active compounds that in-
clude anthocyanins, flavonoids, and phenolic compounds. The multiple health
benefits of these antioxidants are described elsewhere [13] [14]. Black rice bran
also contains the bioactive compound y-oryzanol, as previously reported [15]
[16] [17], as well being confirmed in the present study. Based on the results, how-
ever, y-oryzanol does not seem to significantly contribute to the anti-asthma ef-

fect of the fermented products because the level of y-oryzanol decreases sequen-
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tially through the purification steps, with no y-oryzanol present in BRB-F-P, yet
this fraction induced anti-asthma effects. From comparing all the asthma inhi-
bitory effects of BRB-F and the isolated fractions, the BRB-F-derived polysac-
charide was determined to be the most significant component of the inhibitory
effect in the asthma mouse model. Indeed, it can be deduced that many of the
inhibitory effects on asthma seem to be caused by BRB-F-P, which consists of a
polysaccharide containing 96% carbohydrates, of which most are glucose and
galactose (Figure 4 and Table 4). However, the potency of BRB-F-S is somewhat
higher than that of BRB-F-P, suggesting that both formulations have the poten-
tial to treat human asthma.

We previously reported that mushroom polysaccharides have the potential to
help protect against multiple diseases [8] [9] [18]. Also relevant is that the com-
position of bioactive compounds in mushroom fruit bodies differs from those in
mycelia of the same variety [19]. In addition, BRB-F-S induced a strong Th1 re-
sponse, especially phagocytosis and phagocytic removal by the polysaccharide
contained in BRB-F-S, suggesting that it is capable of inducing the rapid termi-
nation of an inflammatory response by inflammation-inducing compounds through
phagocytosis. These considerations suggest that, in addition to anti-asthma prop-
erties, the newly developed functional foods might also help protect against oth-
er diseases or conditions, such as obesity, cancer, and diabetes, through these

anti-inflammatory properties.

5. Conclusion

The results of the present study show that a new functional food created by bio-
processing black rice bran with shiitake mushroom mycelia inhibits mast cell
degranulation, and B cell IgE production, and the pro-inflammatory effects seen
in ovalbumin-induced asthma cell and mice models. The histology of lung tis-
sues revealed that the treatment also reversed the thickening of the airway wall,
the contraction of bronchial and blood vessels and infiltration of inflammatory
cells. The novel food products may have useful therapeutic applications in hu-
mans. Future studies could therefore investigate if these new food products can
protect humans against allergic asthma, and possibly also ameliorate the acute res-
piratory syndromes associated with other diseases or conditions, including viral in-
fections such as COVID-19, chronic obstructive pulmonary disease (COPD), em-

physema, as well as peanut protein and other food allergies.

Acknowledgements

We thank Alan D. Friedman (Johns Hopkins University Oncology) for his con-
structive comments.

Authors’ Contributions

SPK conceived the idea with JK; KHL, KJK, KSK, SJL, WSH, and WYL did the
experimental studies; MF and SPK interpreted the results and prepared a draft of

DOI: 10.4236/fns.2023.144023

366 Food and Nutrition Sciences


https://doi.org/10.4236/fns.2023.144023

K.S. Kwon et al.

the manuscript. All authors read and approved the final manuscript.

Funding

This research was supported by the Technology Innovation Program (No.
20008826) funded by the Ministry of Trade, Industry & Energy (MOTIE, Korea).

Conflicts of Interest

The authors declare no conflicts of interest regarding the publication of this pa-

per.

References

[1] Lee, K.H., Jang, Y.J., Hwang, W.S., Kwon, K.S., Lee, W.Y., Kim, J., Kim, S.P. and
Friedman, M. (2022) Edible Algae (Ecklonia cava) Bioprocessed with Mycelia of
Shiitake (Lentinula edodes) Mushrooms in Liquid Culture and Its Isolated Fractions
Protect Mice against Allergic Asthma. BMC Complementary Medicine and Therapies,
22, Article No. 242. https://doi.org/10.1186/s12906-022-03705-y

[2] Kong, W, Xie, Y., Zhong, J. and Cao, C. (2022) Ultra-Processed Foods and Allergic
Symptoms among Children and Adults in the United States: A Population-Based Anal-
ysis of NHANES 2005-2006. Frontiers in Public Health, 10, Article 1038141.
https://doi.org/10.3389/fpubh.2022.1038141

[3] Jeebhay, M.F. and Baatjies, R. (2022) Occupational Inhalant Allergy in Food Handling
Occupations. Current Opinion in Allergy & Clinical Immunology, 22, 64-72.
https://doi.org/10.1097/ACI.0000000000000804

[4] Jiang, Y., Yan, Q., Zhang, M., Lin, X,, Peng, C., Huang, H., Liao, G., Liu, Q., Liao,
H., Zhan, S., et al. (2022) Identification of Molecular Markers Related to Immune
Infiltration in Patients with Severe Asthma: A Comprehensive Bioinformatics Analy-

sis Based on the Human Bronchial Epithelial Transcriptome. Disease Markers, 2022,
Article ID: 8906064. https://doi.org/10.1155/2022/8906064

[5] Zhang, S., Lin, K., Qiu, J., Feng, B., Wang, J., Li, J., Peng, X,, Ji, R., Qiao, L. and
Liang, Y. (2022) Identification of Potential Key Autophagy-Related Genes in Asth-

ma with Bioinformatics Approaches. American Journal of Translational Research,
14, 7350-7361.

[6] Zahedi, A., Hassanvand, M.S., Jaafarzadeh, N., Ghadiri, A., Shamsipour, M. and
Dehcheshmeh, M.G. (2022) Increased Allergic and Asthmatic Risks in Children Re-
siding in Industrial Areas by Surveying the Pre-Inflammatory (IgE, IL-4 and IL-13)

Biomarkers. Journal of Environmental Health Science and Engineering, 20, 609-615.
https://doi.org/10.1007/s40201-021-00646-5

[7] Kim, S.P., Lee, S.J., Nam, S.H. and Friedman, M. (2016) Elm Tree (Ulmus parvifo-
lia) Bark Bioprocessed with Mycelia of Shiitake (ZLentinus edodes) Mushrooms in
Liquid Culture: Composition and Mechanism of Protection against Allergic Asthma
in Mice. Journal of Agricultural and Food Chemistry, 64, 773-784.
https://doi.org/10.1021/acs.jafc.5b04972

[8] Kim, S.P., Park, S.O,, Lee, S.J., Nam, S.H. and Friedman, M. (2014) A Polysaccha-
ride Isolated from the Liquid Culture of Lentinus edodes (Shiitake) Mushroom Myce-
lia Containing Black Rice Bran Protects Mice against Salmonellosis through Upre-

gulation of the Th1 Immune Reaction. Journal of Agricultural and Food Chemistry,
62, 2384-2391. https://doi.org/10.1021/if405223q

[9] Kim, S.P., Park, S.O., Lee, S.J., Nam, S.H. and Friedman, M. (2013) A Polysaccha-

DOI: 10.4236/fns.2023.144023

367 Food and Nutrition Sciences


https://doi.org/10.4236/fns.2023.144023
https://doi.org/10.1186/s12906-022-03705-y
https://doi.org/10.3389/fpubh.2022.1038141
https://doi.org/10.1097/ACI.0000000000000804
https://doi.org/10.1155/2022/8906064
https://doi.org/10.1007/s40201-021-00646-5
https://doi.org/10.1021/acs.jafc.5b04972
https://doi.org/10.1021/jf405223q

K. S. Kwon et al.

(10]

(11]

(12]

(13]

(14]

(15]

(16]

(17]

(18]

(19]

ride Isolated from the Liquid Culture of Lentinus edodes (Shiitake) Mushroom
Mycelia Containing Black Rice Bran Protects Mice against a Salmonella Lipopoly-
saccharide-Induced Endotoxemia. Journal of Agricultural and Food Chemistry, 61,
10987-10994. https://doi.org/10.1021/jf403173k

Kim, S.P., Lee, J.R., Kwon, K.S,, Jang, Y.J., Kim, J., Yu, K.H,, Lee, S.Y. and Fried-
man, M. (2021) A Bioprocessed Black Rice Bran Glutathione-Enriched Yeast Ex-
tract Protects Rats and Mice against Alcohol-Induced Hangovers. Food and Nutri-
tion Sciences, 12, 223-238. https://doi.org/10.4236/fns.2021.123018

Jeong, H.-J., Hong, S.-H., Lee, D.-]., Park, J.-H., Kim, K.-S. and Kim, H.-M. (2002)
Role of Ca** on TNF-a and IL-6 Secretion from RBL-2H3 Mast Cells. Cellular Signal-
ling, 14, 633-639. https://doi.org/10.1016/50898-6568(02)00005-0

Temelkovski, J., Hogan, S.P., Shepherd, D.P., Foster, P.S. and Kumar, R.K. (1998)
An Improved Murine Model of Asthma: Selective Airway Inflammation, Epithelial
Lesions and Increased Methacholine Responsiveness Following Chronic Exposure
to Aerosolised Allergen. Thorax, 53, 849-856. https://doi.org/10.1136/thx.53.10.849

Li, X., Kahlon, T., Wang, S.C. and Friedman, M. (2021) Low Acrylamide Flatbreads
Prepared from Colored Rice Flours and Relationship to Asparagine and Proximate
Content of Flours and Flatbreads. Foods, 10, Article 2909.
https://doi.org/10.3390/foods10122909

Ngamsamer, C., Sirivarasai, J. and Sutjarit, N. (2022) The Benefits of Anthocyanins
against Obesity-Induced Inflammation. Biomolecules, 12, Article 852.
https://doi.org/10.3390/biom12060852

Ghasemzadeh, A., Karbalaii, M.T., Jaafar, H.Z.E. and Rahmat, A. (2018) Phytochemi-
cal Constituents, Antioxidant Activity, and Antiproliferative Properties of Black, Red,

and Brown Rice Bran. Chemistry Central Journal, 12, Article No. 17.
https://doi.org/10.1186/s13065-018-0382-9

Andriani, R., Subroto, T., Ishmayana, S. and Kurnia, D. (2022) Enhancement Me-
thods of Antioxidant Capacity in Rice Bran: A Review. Foods, 11, Article 2994.
https://doi.org/10.3390/foods11192994

Kim, S.P., Kang, M.Y., Nam, S.H. and Friedman, M. (2012) Dietary Rice Bran Com-
ponent y-Oryzanol Inhibits Tumor Growth in Tumor-Bearing Mice. Molecular Nu-
trition & Food Research, 56, 935-944. https://doi.org/10.1002/mnfr.201200057

Friedman, M. (2016) Mushroom Polysaccharides: Chemistry and Antiobesity, Anti-
diabetes, Anticancer, and Antibiotic Properties in Cells, Rodents, and Humans. Foods,
5, Article 80. https://doi.org/10.3390/foods5040080

Berger, R.G., Bordewick, S., Krahe, N.-K. and Ersoy, F. (2022) Mycelium vs. Fruit-
ing Bodies of Edible Fungi—A Comparison of Metabolites. Microorganisms, 10, Ar-
ticle 1379. https://doi.org/10.3390/microorganisms10071379

DOI: 10.4236/fns.2023.144023

368 Food and Nutrition Sciences


https://doi.org/10.4236/fns.2023.144023
https://doi.org/10.1021/jf403173k
https://doi.org/10.4236/fns.2021.123018
https://doi.org/10.1016/S0898-6568(02)00005-0
https://doi.org/10.1136/thx.53.10.849
https://doi.org/10.3390/foods10122909
https://doi.org/10.3390/biom12060852
https://doi.org/10.1186/s13065-018-0382-9
https://doi.org/10.3390/foods11192994
https://doi.org/10.1002/mnfr.201200057
https://doi.org/10.3390/foods5040080
https://doi.org/10.3390/microorganisms10071379

	Protection of Allergic Asthma in Mice by Black Rice Bran Bioprocessed with Shiitake Mushroom Mycelia
	Abstract
	Keywords
	1. Introduction
	2. Materials and Methods
	2.1. Chemicals
	2.2. BRB-F Preparation and Purification Processes
	2.3. Analysis of γ-Oryzanol in the Purification Steps of BRB-F
	2.4. Analysis of Component Sugars of BRB-F-P
	2.5. RBL-2H3 Cell Culture and β-Hexosaminidase Release Assay
	2.6. U266.B1 Cell Culture and IgE Production
	2.7. BEAS-2B Cell Culture and Cell Stimulation
	2.8. Animals
	2.9. Antigen Sensitization, Challenge, and Treatment
	2.10. Collection of Bronchoalveolar Fluid (BALF) and Blood
	2.11. Histological Analysis
	2.12. Statistical Analysis

	3. Results
	3.1. Analysis of γ-Oryzanol in the Purification Steps of BRB-F and Analysis of Component Sugars of BRB-F-P
	3.2. Inhibitory Effect of BRB-F and Its Isolated Fractions on Mast Cell Activation
	3.3. Inhibition of IgE Production in a B Cell Line by BRB-F and Its Isolated Fractions 
	3.4. Inhibition of Chemokine Production in BEAS-2B Human Bronchial Epithelial Cells by BRB-F-S
	3.5. Inhibition of OVA-Specific IgE Production in BALF
	3.6. Inhibition of OVA-Specific IgG Isotype (IgG, IgG1, IgG2a) Production in Serum
	3.7. Effect of BRB-F and Its Isolated Fractions on Secretion of Th1, Th2, and Treg Cytokines
	3.8. Effect of BRB-F and Its Isolated Fraction on Immune Cell Infiltration in BALF
	3.9. Effect of BRB-F and Its Isolated Fractions on Relief of Inflammation in Lung Tissue
	3.10. Effect of BRB-F and Its Isolated Fractions on Relief of Inflammation in Lung Tissue
	3.11. Effect on Inflammatory Cytokines and Chemokines in BALF
	3.12. Inhibition of Immunoglobulin Production in Relation to the Dose of BRB-F-S
	3.13. Effect of BRB-F-S on Secretion of Th1, Th2, and Treg Cytokines in Relation to Dose
	3.14. Effect of BRB-F-S on Immune Cell Infiltration and Lung Inflammation in Relation to Dose
	3.15. Dose-Dependent Effects of BRB-F-S on Chemoattractants and Eicosanoids
	3.16. Dose-Dependent Effects of BRB-F-S on Chemoattractants and Eicosanoids
	3.17. Dose-Dependent Inhibitory Effect of BRB-F-S on TSLP Production

	4. Discussion
	5. Conclusion
	Acknowledgements
	Authors’ Contributions
	Funding
	Conflicts of Interest
	References

