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Abstract

Background: Human infection by pathogenic Salmonella bacteria can be acquired by consuming of undercooked
meat products and eggs. Antimicrobial resistance against antibiotics used in medicine is also a major concern. To help
overcome these harmful effects on microbial food safety and human health, we are developing novel antimicrobial
food-compatible formulations, one of which is described in the present study.

Methods: The composition of a bioprocessed (fermented) rice bran extract (BPRBE) from Lentinus edodes liquid mycelia
culture was evaluated using gas chromatography and mass spectrometry, and the mechanism of its antibacterial effect
against Salmonella Typhimurium, strain SL1344 was investigated in macrophage cells and in mice.

Results: BPRBE stimulated uptake of the bacteria into RAW 264.7 murine macrophage cells. Activation of the cells was
confirmed by increases in NO production resulting from the elevation of inducible nitric oxide synthase (iINOS) mRNA,
and in protein expression. Salmonella infection down-regulated the expression of the following protein biomarkers of
autophagy (a catabolic process for stress adaptation of cellular components): Beclin-1, Atg5, Atg12, Atg16, LC3-l and
LC3-Il. BPRBE promoted the upregulation of protein expressions that induced bacterial destruction in autolysosomes of
RAW 264.7 cells. ELISA analysis of interferon IFN-3 showed that inflammatory cytokine secretion and bactericidal activity
had similar profiles, suggesting that BPRBE enhances cell-autonomous and systemic bactericidal activities via
autophagic capture of Salmonella. The treatment also elicited increased excretion of bacteria in feces and their decreased
translocation to internal organs (cecum, mesenteric lymph node, spleen, and liver).

Conclusions: The antibiotic mechanism of BPRBE involves the phagocytosis of extracellular bacteria, autophagic capture
of intracellular bacteria, and prevention of translocation of bacteria across the intestinal epithelial cells. The
new bioprocessing combination of mushroom mycelia and rice brans forms a potentially novel food formulation with
in vivo antimicrobial properties that could serve as a functional antimicrobial food and medical antibiotic.
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Background

Salmonella serotypes are reported to be the leading
cause of foodborne disease outbreaks in the United
States [1]. Rice plants produce bioactive rice brans and
hulls, and mushrooms produce bioactive polysaccharides
and other compounds. These food components have
been reported to have numerous potential health bene-
fits in cells, rodents, and humans, reviewed by Friedman
[2—4]. The exposure of mushroom mycelia and rice bran
to bioprocessing seems to result in the production of
new bioactive compounds not present in the same
combination that has not been bioprocessed. Our pre-
viously published studies have investigated the proper-
ties of rice hull smoke, rice brans, and bioprocessed
(fermented) mushroom mycelia with added black rice
bran, turmeric, and elm tree bark and will be briefly
described here.

We previously reported that a liquid rice hull smoke ex-
tracts prepared by pyrolysis of rice hulls and liquefaction
of the smoke [5] inactivated antibiotic-resistant Salmon-
ella Typhimurium strains [6, 7] and protected mice
against diabetes [8, 9], endotoxemia [10], and obesity [11].
We also reported that rice brans and their bioactive com-
ponent y-oryzanol protected mice and exhibited
anti-allergic [12, 13] and anticarcinogenic properties in
cells and in mice [14—18]. In other studies we showed that
bioprocessed mushroom mycelia containing black rice
bran [19], or turmeric [20] protected mice against salmon-
ellosis; and a polysaccharide isolated from a liquid culture
of mushroom mycelia containing black rice bran pro-
tected mice against endotoxemia [21]. In addition, mush-
room mycelia bioprocessed with elm tree bark protected
mice against allergic asthma [22].

The main objective of the present study was to eluci-
date the mechanisms that seem to govern the inactiva-
tion of foodborne Salmonella Typhimurium pathogenic
bacteria by extracts of bioprocessed mushroom mycelia
with added rice bran in murine macrophage cells and in
mice and to relate the composition of the extracts, as
determined using gas chromatography/mass spectrom-
etry (GS/MS), to their inhibitory activity.

Methods

Materials

RPML-1640 medium (DMEM), phosphate-buffered saline
(PBS), fetal bovine serum (FBS), and other cell culture re-
agents were purchased from Hyclone Laboratories (Logan,
UT, USA). Potato dextrose agar medium (PDA), nutrient
agar (NA) and MacConkey agar medium were the prod-
ucts from Difco Laboratory (Detroit, MI, USA). 3-(4,5-
Dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide,
MTT and other analytical grade reagents were obtained
from Sigma-Aldrich (St. Louis, MO, USA).

(2018) 18:322

Page 2 of 12

Preparation of bioprocessed rice bran extract (BPRBE)
The genetic identity of Lentinus edodes was confirmed
by the Korean Center of Microorganisms (Seoul, Korea).
Cultivation of the Lentinus edodes mushrooms and the
bioprocessing of rice bran with added fungal mycelia
were conducted according to our previously reported
method [21, 22]. Briefly, the main liquid medium (3 L)
containing rice bran (20 g/L) and dried soybean powder
(2 g/L) was inoculated with the inoculum (10%) culture
mycelia. The main liquid culture was then bioprocessed
using 5 L fermenter at 28 °C and 150 rpm. After 7 days,
the culture mass was ground in a colloid mill and the
powder was then treated with 0.1 M lactic acid for
60 min, followed by treatment with an enzyme mixture
for cell wall lysis. The acid- and enzyme-treated culture
mass was then extracted with hot water at 90 °C and
freeze-dried to a solid material. Non-bioprocessed rice
bran extract (NPRBE), not subjected to the fungal myce-
lia fermentation but subjected to the acid and enzyme
treatments, was used as a control formulation.

Component analysis by GC-MS

The dried extracts from above were derivatized using pre-
viously published methods [22, 23]. Briefly, samples were
reacted at 60 °C for 1 h with 100 pL of methoxyamine
hydrochloride in pyridine (20 pL/mL). The sample was
then silylated with 100 pL of N-methyl-N-trimethylsilyltri-
fluoroacetamide (MSTFA) (70 °C/1 h). GC/MS conditions
were as follows: the gas chromatograph, model 6890GC
(Agilent Technologies, Santa Clara, CA, USA) was
equipped with a mass spectrometer detector 5975 and an
apolar stationary-phase DB-1 column (100% dimethylpo-
lysiloxane); (30 m x 0.25 mm; i.d. 0.25 pm film thickness).
The starting oven temperature of the column at the time
of injection, 70 °C, was maintained for 4 min and then
ramped up at a rate of 10 °C/min until it reached a final
temperature of 300 °C. The carrier gas (helium) had a flow
rate of 1 mL/min. The injector and the detector were
maintained at 250 °C. Injection volume was 1 pL, after be-
ing split 25 to 1. The mass spectrometer was set to elec-
tron ionization mode (70 eV). Identification of
components was by both retention time, and comparison
of the mass spectra to a commercial library [24].

Bacterial strain and culture conditions

Salmonella enterica subsp. enterica serovar Typhimur-
ium (S. Typhimurium) strain SL1344 was obtained from
the National Collection of Type Cultures (Salisbury, Wilt-
shire, UK) and kept as frozen glycerol stock. The bacterial
cell cultures were used as previously described [20].

In vitro bactericidal assay
The bactericidal effect against S. Typhimurium SL1344 in
liquid culture was examined as follows: aliquots of BPRBE
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and NPRBE were added to 3 mL Salmonella culture to
form three concentrations of BPRBE (1, 10, and 100 pg/
mlL, respectively). The assay was performed using an in-
oculum size of Salmonella at 1 x 10" colony-forming units
(CFU). These were then allowed to grow for 12 h at 37 °C
in nutrient broth. Cell growth profiles were determined
spectrophotometrically by monitoring the turbidity of the
culture at 600 nm at 2 h intervals for up to 8 h using a
UV/VIS spectrophotometer (iMark™, Bio-Rad, Hercules,
CA, USA).

Mammalian cell culture

Murine RAW 264.7 macrophage cells were obtained
from the American Type Culture Collection (Manassas,
VA, USA). The cells were cultured in RPMI-1640
medium supplemented with 10% heat-inactivated FBS
(v/v), 100 U/mL penicillin, and 100 pg/mL streptomycin.
The cells were maintained at 37 °C with 5% CO, in a
humidified atmosphere.

Cell viability assay

MTT staining as described by Mosmann [25], and previ-
ously used in this laboratory [22, 23], was used to evalu-
ate the cytotoxicity of BPRBE and NPRBE. RAW 264.7
cells were seeded into 96-well tissue culture plate at a
density of 1 x 10* cells/well and cultured at 37 °C in hu-
midified air with 5% CO, for 16 h. The cells were then
treated with 3 concentrations of BPRBE and NPRBE (1,
10, and 100 pg/mL) for 48 h and stained with added
MTT. Absorbance was read in a microplate reader
(iMark, Bio-Rad, Hercules, CA, USA) at 570 nm, with a
reference wavelength of 655 nm. Cell viability was
expressed as the percentage of live cells relative to those
in the control group treated with PBS.

Nitric oxide (NO) generation assay

Nitric oxide (NO) formation was measured by determin-
ing the concentration of its stable metabolite nitrite
using a microplate assay as described by Murakami, et
al. [26], a method previously used in this laboratory [23,
27]. RAW 264.7 cells (1 x 10° cells/well) in a 96-well tis-
sue culture plate were treated simultaneously with lipo-
polysaccharide (LPS; 100 ng/mL) and either BPRBE or
NPRBE at three concentrations (1, 10 and 100 g/mL
each) for 48 h. After incubation, the culture medium
was mixed with an equal volume of Griess reagent (1%
sulfanilamide and 0.1% N-[1-naphthyl]ethylenediamine
dihydrochloride in 5% phosphoric acid) at room
temperature for 15 min. The absorbance was then mea-
sured at 570 nm using a microplate reader against a
standard of sodium nitrite.
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Phagocytotic uptake assay

To measure internalized bacteria in macrophages, RAW
264.7 cells were infected with the S. Typhimurium as de-
scribed by Lu, et al. [28]. To analyze the efficiency of bac-
terial uptake by macrophages, inoculum containing 1 x
10* CFU was added to macrophage cells (1 x 10* cells)
pre-treated with three concentrations of BPRBE and
NPRBE (1, 10, and 100 pg/mL) for 4 h, and then incu-
bated for 60 min at 37 °C in humidified air with 5% CO,.
Cells were washed once with RPMI-1640 medium after in-
cubation and then treated to kill extracellular bacteria
with the same medium containing 10% FBS and gentamy-
cin (30 pg/mL) for 30 min. For viable cell counting, the in-
fected macrophage cells were washed thrice and then
lysed with sterile distilled water. Aliquots of lysates were
then plated onto nutrient agar (NA) medium to measure
CFUs. Phagocytosis efficiency of BPRBE and NPRBE was
expressed as the fold increase of internalized bacteria rela-
tive to those without sample treatment.

Measurement of interferon (IFN)-f3

After RAW 264.7 cells (1x10° cells) pre-treated with
BPRBE and NPRBE (100 pg/mL) for 24 h were subse-
quently infected with S. Typhimurium (1 x 10> CFU) for
5 h, the cell-free culture medium was recovered and stored
at — 20 °C until use. IFN-p release into the culture medium
was measured using an ELISA kit (PBL Assay Science, Pis-
cataway, NJ, USA). The absorbance of the reaction mixture
at 420 nm was measured in a microplate reader.

Gastroenteritis animal model

Gastroenteritis was stimulated in test animals as described
in a previous study [7]. Pathogen-free female Balb/c mice,
aged 6 to 8 weeks, were purchased from Orient Bio Inc.
(Seoul, Republic of Korea) and were hosted in a
stainless-steel cage. Conditions were as follows: the light/
dark cycle repeated every 12 h; the temperature was main-
tained at 20-22 °C; and the relative humidity was main-
tained at 50 + 10%. The mice were given free access to a
pelleted commercial chow diet (catalog no. 5 L79; Orient
Bio Inc.). Tap water was available ad libitum. After a
one-week acclimation, mice were divided into control and
experimental groups (n = 10), avoiding any intergroup dif-
ference in body weight. Test groups were administered
BPRBE or NPRBE (10 mg/kg) via oral dietary intake for 2
wk. Gastroenteritis was stimulated in mice as described by
Barthel, et al. [29]. Briefly, 4-h fasting mice were adminis-
tered streptomycin (20 mg in 75 pL water) by oral gavage.
After 24 h, diet and water were again withdrawn for 4 h.
Mice were then infected with S. Typhimurium strain
SL1344 in 100 uL PBS (1x10® CFUs) by oral gavage.
After an additional 2 h of fasting, food and water was of-
fered. The mice were monitored for 48 h and then sacri-
ficed by asphyxia with CO, to remove organs. The
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protocol for the mouse studies was approved by the Ethics
Committee for Animal Care and Use, Ajou University,
Suwon, Republic of Korea.

Determination of bacterial load in organs and feces
Bacterial infection of the organs, and the presence in the
feces, was determined as described in a previous study
[7]. The cecum, mesenteric lymph node (MLN), spleen,
and liver of the sacrificed animals were removed aseptic-
ally. The cecum was used after removing its content.
The organs were weighed and then homogenized in
1 mL of sterile PBS with the aid of a tissue homogenizer
maintained at 4 °C. Diluents of the homogenates were
processed to count MacConkey agar medium supple-
mented with streptomycin (50 g/mL).

Fecal samples were collected at days 1-2 after gavage
of S. Typhimurium in the mice from the Salmonella
gastroenteritis model. The number of bacteria per gram
of feces was determined as follows: Aliquots (100 uL) of
fecal suspensions were serially diluted in PBS and then
plated on the streptomycin-supplemented MacConkey
agar medium. Cells were counted following incubation
overnight at 37 °C.

Reverse transcription polymerase chain reaction (RT-PCR)
Total cellular RNA was extracted using an Acid Phenol
GTC-chloroform method as described by Chomczynski
and Sacchi [30], and previously employed in this labora-
tory [22, 23, 27]. For RT-PCR, total RNA (1 pg) was in-
cubated with AMYV reverse transcriptase (6 U) and oligo
(dT18) as primer (100 ng). DNA amplification from the
iNOS gene was then primed in a reaction mixture con-
taining ANTP mix (400 uM), Tag polymerase (2.5 U)
and primer set (20 uM each): sense primer, 5-ATGC
CGAAGCAAACATCAC-3’; antisense primer, 5-TAAT
GTCCAGGAAGTAGGTG-3'. Amplification was con-
ducted in a thermocycler (PTC-200, MJ Research Inc.,
Reno, NV, USA) using the following program: one cycle
for 5 min at 94 °C, 30 cycles for 30 s at 94 °C, 45 s at
58 °C, and 45 s at 72 °C, and finally one cycle for 5 min
at 72 °C. The DNA was then fractionated with agarose
gel electrophoresis and quantified using a gel documen-
tation system (model LAS-100CH, Fuji Photo Film Co.,
Tokyo, Japan).

Antibodies

Western blot analyses were performed using the following
antibodies: rabbit anti-mouse iNOS polyclonal antibody
from Santa Cruz (Dallas, TX, USA) and mouse anti-Actin
monoclonal antibody from Millipore Corp. (Billerica, MA,
USA), and all rabbit monoclonal antibodies raised against
Beclin-1, Atg5, Atgl2, AtgloL, LC3A/B, and phospho-
IRE-3 from Cell Signaling Tech. (Danvers, MA, USA).
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Western blot analysis

The Western Blot technique was the same as described in
previous studies [22, 23]. The BPRBE- and NPRBE-treated
RAW 264.7 cells were lysed to extract total cellular pro-
teins using RIPA buffer (50 mM Tris Cl, 150 mM NaCl,
15 NP-40, 0.5% sodium deoxycholate, 0.1% SDS and
1 mM EDTA, pH 74). Protein was quantified using a
Bio-protein Kit (Bio-Rad) with bovine serum albumin
(BSA) as a standard. Proteins from the cell extract (30 pg)
were separated on 10% SDS-polyacrylamide gels and elec-
trophoretically transferred onto the Millipore nitrocellu-
lose membrane. After blocking with 5% skim milk, the
membrane was incubated with primary antibodies to react
for at least 3 h. The secondary antibody reaction with
HRP-conjugated anti-IgG antibody was then performed
under the same conditions. Blots were developed using
the ELC detection kit (Pierce, Rockford, IL, USA). Quanti-
fication was achieved using a gel documentation system
(model LAS-100CH, Fuji Photo Film Co., Tokyo, Japan).

Statistical analysis

Analyses were run in triplicate, and expressed as the
mean + SD. Significant differences between means were
determined by the ANOVA followed by Tukey’s test
using the Statistical Analysis Software package SAS
(Cary, NC, USA). p < 0.05 is regarded as significant.

Results

The composition of BPRBE and NPRBE

GC/MS analysis revealed that the two extracts contained
45 characterized compounds (Table 1). Some compo-
nents remained unidentified, and others were tentatively
identified. Among the identified compounds, 25 com-
pounds were found solely in BPRBE and 13 structurally
different compounds were only in NPRBE; seven com-
pounds were present in both BPRBE and NPRBE. These
results suggest that bioprocessing induces the formation
of new compounds, probably catalyzed by enzymes
present in the fungal mycelia. These compounds might
be responsible for any observed antimicrobial activity of
BPRBE.

BPRBE is not bactericidal against Salmonella in PBS buffer
To find out if the extract has bactericidal activity against S.
Typhimurium, the bacteria were incubated with serially di-
luted BPRBE in PBS (1, 10, and 100 pg/mL) at 37 °C for 0,
2, 4, 6, and 8 h. Fig. 1 shows that that there was no signifi-
cant bactericidal activity up to 8-h of incubation. The data
demonstrate that BPRBE did not kill the bacteria directly.
We previously observed a similar lack of bactericidal activ-
ity in vitro by a polysaccharide isolated from a black rice
bran extract bioprocessed with mushroom mycelia [19].
Because the chemical nature of the identified com-
pounds shown in Table 1 varied widely, it is difficult to
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Table 1 Compounds identified by GC/MS analysis of NPRBE
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Table 1 Compounds identified by GC/MS analysis of NPRBE

and BPRBE and BPRBE (Continued)
Peak RT.(min) Compounds NPRBE BPRBE  Peak RT.(min) Compounds NPRBE  BPRBE
1 90 Propionic acid _ 176 41 394 2-O-Glycerol-a-d-galactopyran 0.14
2 100 L-Valine _ 006 42 418 Nonanol 0.02
3 104 1-3-Methylbutyl)-2,34,6- 029 - 43 449 Sucrose 8042 040
tetramethylbenzene 44 465 [4-Bromo-2-2-hysrazono 1332
4 122 L-Leucine - 0.14 -phenyl-methyl)-phenyl]
-carbamic acid, ethyl ester-
5 124 Butanoic acid - 0.16
45 46.7 Maltose 0.13
6 15.7 Cadaverine - 0.06
BPRBE bioprocessed rice bran extract, NPRBE non-processed rice bran extract
7 16.0 Glycerol 6.29 2.57
8 16.8 Glycine - 0.07 determine which compound or combination of com-
9 172 Butanedioic acid _ 043 pounds might be responsible for the bioactivity of
10 178 Pyrimidine B 0,05 BPRBE. This aspect merits further study.
11 183 Fumaric acid - 0.05 L. .
_ Effects of BPRBE on phagocyte activation and cell survival
12196 Hydroquinone - 002 To examine whether BPRBE can enhance cell-mediated
13203 L-Aspartic acid 01 - immune function, RAW 264.7 murine macrophage cells
14 221 Hexadecane - 0.08 were cultivated in the presence of the extracts, and the re-
15 26 Erythritol _ 026 sultant NO production was then assessed as an indicator
16 26 D-(+)-Arabitol 004 - of macrophage activation. Tabl‘e 2 shows that BPRBE (.1,
A 10, and 100 pg/mL) markedly induced NO production in
17 22.8 Proline 0.07 0.07 .
o a dose- dependent manner. The NO formation levels of
18 229 L-Aspartic acid 002 - BPRBE at 10 pg/mL or higher doses were significantly
19 234 Methykl) 2-amino-4-(2-aminophenyl)- - om higher than that obtained with lipopolysaccharide (LPS)
#-oxobutanoate (100 ng/mL). By contrast, NPRBE used as internal control
20 242 3-Pyridinecarboxylic acid - 0.10 barely induced NO production relative to the vehicle.
21 256 Xylonic acid - 0.06 RT-PCR was used to confirm BPRBE-induced NO pro-
22 264 D-Glucose 017 009 duction at the gene expression level. Fig. 2a shows that
3 267 D-Xylose _ 059 the mRNA expression level from the iNOS gene of Sal-
sa 977 Xylito 007 - monella-u?fected cells prettreated w1th‘BI"RBE was ~
, . Shosohoric acid 03 1.9-fold higher than that in the bacteria infected cells
> 7 osphoric ad S without treatment by the extract. Western blot analysis
26 295 Azelaic acid 0.08 -
27 300 Citric acid 0.21 -
28 306 D-Glucuronic acid 006 - 180 - )
—=— Vehicle
29 31.3 Ribitol - 0.28 —e— 1 ug/mL NPRBE
—A— 10 pg/mL NPRBE
30 313 D-(+)-Gluconic acid 0.05 - & 160 —w—100 ug/mL NPRBE
= —&— 1 pg/mL BPRBE
31 31.56 D-Glucose 0.18 - § «— 10 pg/mL BPRBE
32 31.63 D-Galactose - 5551 T 1404 10gaiml. BERBE
=]
33 320 D-Mannose - 1008 -
34 324 D-Mannitol 005 - g 55
35 328 Gluconic acid, 1,4-lactone - 0.18 (g
36 337 D-Gluconic acid 0.25 -
100 4
37 343 Glucopyranose 0.76
38 347 Hexadecanoic acid 007 009 0 2 4 6 8
39 354 Myo-inositol 052 044 Incubation time (h)
40 384 Stearic acid 003 0.05 Fig. 1 Effects of BPRBE and NPRBE on growth of S. Typhimurium.

Serially diluted BPRBE and NPRBE (1, 10, and 100 pug/mL) were
incubated with S. Typhimurium (2 x 10% CFU) for 2, 4, 6, and 8 h.
Plotted values are mean + SD of triplicate experiments
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Table 2 Effects of NPRBE and BPRBE on macrophage activation

and survival
Sample Nitrite (UM) Cell viability (%)
Vehicle 202 +0.20° 1000+ 1.8°
LPS 3113 £ 034 -
NPRBE (ug/mL)
1 180 + 0.20° 1023+28°
10 1.75 + 060" 1029+2.2°
100 691 + 0.67° 1027 +2.9°
BPRBE (ug/mL)
1 2362 + 0.56° 1036+34°
10 344 +12° 1025+1.7°
100 393+12° 1003 +2.5°

Data are expressed as the mean + SD (n = 3). Values in each column with the
same letter are not significantly different between groups at p < 0.05. BPRBE,
bioprocessed rice bran extract; NPRBE, non-processed rice bran extract

also shows that the iNOS protein expression profile was
similar to that of mRNA expression (Fig. 2b). These data
indicate that bioprocessing induces the activation of im-
mune function in the macrophages.

Next, the cytotoxicity of the BPRBE treatments on
RAW 264.7 cells was evaluated using the MTT assay. The
results show that at three doses, survival rates of the
BPRBE- and NPRBE-treated cells were not statistically
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different from those of the vehicle-treated control, indicat-
ing that BPRBE was not toxic to cells.

Effects of BPRBE on the stimulation of phagocytosis

To examine if BPRBE indirectly exerts bactericidal activity
through phagocytosis, RAW 264.7 cells pre-treated with
BPRBE at three doses were infected with S. Typhimurium
SL1344 bacteria, followed by cell lysis and enumeration of
their content. Fig. 3 shows that internalization of Salmon-
ella into the macrophage cells was increased by the
BPRBE treatment in a dose-dependent manner. The Sal-
monella internalization rates in the macrophages treated
with 1, 10 and 100 pg/mL BPRBE for 4 h were about ~
1.3-, 2.3+, and 3.4-fold greater than the rate with the vehi-
cle-treated control. By contrast, NPRBE failed to in-
crease the bacterial internalization at a significant level,
even at the highest concentration of 100 pg/mL. These
results indicate that the bioprocessing of rice bran with
a mushroom mycelia culture induces bactericidal activ-
ity in the macrophage cells by enhancing their phago-
cytic potential in a dose-dependent manner. These
results are similar to the observations by Kim, et al
[31] on the antibacterial activity of the natural herb
Houttuynia cordata on Salmonella within RAW 264.7
macrophage cells.

Fig. 2 Effects of BPRBE on iNOS gene expression in S. Typhimurium-infecte

total RNA was purified and an iNOS mRNA expression profile was determin
profiles by Western blot analysis. RAW 264.7 cells treated with BPRBE for 24

iNOS mRNA and polypeptide are expressed as the R. E. (relative expression)
represent results from at least three individual experiments

A
R.E. 000 0.00 132 1.00 0.91 1.94
B
- s | {NOS
RE. 000 000 158 100 1.22 236
e ——— —— D SN D [3-actin
SL1344 infection - - - + + +
NPRBE (ug/mL) - 100 - - 100 -
BPRBE (ug/mL) - - 100 - - 100

RAW 264.7 cells were cultivated with or without BPRBE for 24 h. The cells were then infected with S. Typhimurium SL1344 for 8 h. After infection,

protein in the cell lysate was then identified by Western blotting using rabbit anti-mouse iNOS polyclonal antibody. The relative proportions of

d macrophages. a INOS mRNA expression profiles assessed by RT-PCR.

ed using RT-PCR analysis. b Assessment of iNOS protein expression
h and then infected with S. Typhimurium were lysed and the iNOS

values calculated from iINOS/B-actin gene expressions. Figures
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4.0 4

Phagocytosis (fold-increase)

Fig. 3 Dose-dependent change in the phagocytotic effects of BPRBE
on S. Typhimurium-infected macrophages. RAW 264.7 cells (1 x 10°
cells) were incubated with three concentrations of BPRBE and NPRBE
(1,10 and 100 pg/mL) for 4 h and were then infected with S.
Typhimurium SL1344 (1 x 10% CFU). After incubation for 60 min,
bacteria-infected macrophages were cultivated in the presence of
gentamycin (30 pg/mL) for 30 min. Bacterial internalization efficiency
was determined by measuring the protection of internalized

bacteria against bactericidal action of the antibiotic gentamycin.
Data are expressed as the mean + SD of triplicate experiments. Bars
sharing a common letter are not significantly different between
groups at p < 0.05

Effect of BPRBE on autophagy

Many intracellular pathogens including Salmonella have
evolved strategies that suppress autophagy, or evade au-
tophagic recognition, leading to intracellular bacterial repli-
cation in a Salmonella-containing vehicle (SCV). The
following experiments were carried out to determine if
BPRBE can enhance autophagy in RAW 264.7 cells. The
expression of Beclin-1, Atg5, Atgl2, Atgl6L proteins,
microtubule-associated (LC3-I), and membrane-associated
(LC3-1I) light chain 3, which are needed for autophagic
vacuole formation, phagophore membrane elongation, and
autophagosome formation, respectively, were assessed in
uninfected and Salmonella-infected RAW 264.7 cells in
the absence or presence of BPRBE using Western blot ana-
lysis. The results show that Salmonella infection down-reg-
ulated expression of the autophagy-related proteins
including Beclin-1 compared with the uninfected controls
(Fig. 4). However, the BPRBE treatment up-regulated the
expression of these autophagy-related proteins regardless
of bacterial infection. These results indicate that the
BPRBE treatment might block the escape of Salmonella
from autophagy by the up-regulation of the expression of
proteins involved in the assembly of the autophagic ma-
chinery, leading to cell-autonomous bactericidal action, i.e.
direct bacterial destruction in the autolysosomes [32].
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The effect of BPRBE on IFN-B production

The autophagic capture of Salmonella is known to en-
hance not only cell-autonomous bactericidal action, but
also systemic mechanisms of bacterial killing initiated by
type I interferon production. It has been shown that the
release of bacterial degradation products leads to activa-
tion of endosomal Toll-like receptors (TLRs), which pro-
duce IFEN-B through the activation of the interferon
regulatory transcription factor IRF-3 [33]. Therefore, to
determine whether the BPRBE treatment can enhance
IFN-B production via activation of the IRF-3-mediated
signaling pathway in Salmonella-infected RAW 264.7
cells, IEN-P release and IRF-3 activation were assessed
by ELSA and Western blot analysis. Fig. 5 shows that
the BPRBE treatment markedly induced phosphorylation
of IRF-3 leading to the concomitant production of
IEN-B in the Salmonella-infected cells. In contrast, the
NPRBE treatment failed to elicit both IRF-3 activation
and IFN- production. These results show that BPRBE
can restore the systemic bactericidal mechanism to nor-
mal status in terms of IFN-B production from a sup-
pressed level by blockading the escape of the infected
bacteria from autophagic recognition.

The effects of BPRBE on bacterial translocation to internal
organs

An in vivo assay using gastroenteritis model mice was
used to examine if dietary administration of BPRBE sup-
presses the translocation of S. Typhimurium to internal
organs through the intestinal epithelial barrier. Table 3
shows that the number of bacteria excreted in the feces
increased ~ 1.7- to 2-fold with BPRBE relative to the con-
trol on day 1 or 2 after infection with S. Typhimurium.
Additional experiments on the translocation of S. Typhi-
murium to internal organs of infected mice show that
BPRBE administration reduced bacterial load in the cecum,
mesenteric lymph node, spleen, and liver 2 days after infec-
tion by ~ 56, 75, 94, and 88%, respectively. NPRBE showed
only insignificant effects on bacterial translocation to the
organs compared with the control. These results suggest
that BPRBE can suppress the translocation of S. Typhimur-
ium to internal organs through the intestinal epithelial cell
barrier, and, in parallel, enhance autophagy-mediated
cell-autonomous and systemic bactericidal action, thus
limiting orally infected S. Typhimurium dissemination
from the intestine to several organs.

Discussion

The results of the present study show that the new food
formulation produced by bioprocessing (fermenting) a
mushroom mycelia culture supplemented with rice bran
contains bioactive compounds not present in the same
combination of mycelia and rice bran that was not bio-
processed. It is likely that the presence of certain
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Fig. 4 Effects of BPRBE on induction of Beclin-1, Atg5, Atg12, Atg16L and LC3 in S. Typhimurium-infected macrophages. RAW 264.7 cells were
lysed after treatment with BPRBE and NPRBE (100 pg/mL) for 24 h and infected with S. Typhimurium for 5 h. The cell lysate was subjected to
electrophoresis on 12% SDS-PAGE. Western blotting was carried out with the primary antibodies with 3-Actin as an internal control. The relative
proportions of each protein are expressed as the R. E. (relative expression) values calculated from each target protein/B-Actin expression. Figures
represent results from at least three individual experiments

enzymes in the culture catalyze the formation of the
new compounds. Although extracts of the biopro-
cessed product did not inhibit the growth of Salmon-
ella in an in vitro bactericidal assay in laboratory
media, they did inhibit the growth of the pathogen in
infected macrophage cells and in different mouse or-
gans (cecum, mesenteric lymph node, spleen, and
liver). Because previous studies showed that lipopoly-
saccharides (LPS) induce autophagy in hepatocytes in
vitro and in rodents, it is possible that polysaccha-
rides produced during the described fermentation
process might be the active autophagic compounds
[34-37]. However, we do not have specific evidence
for this suggestion.

These results complement and extend our findings
with similarly bioprocessed combinations of mush-
room mycelia with turmeric [20] and elm tree bark
[22]. The practical value of this approach is rein-
forced by the related observation by Han, et al. [38]
that a bioprocessed polysaccharide from Lentinus
edodes mycelia liquid culture with added turmeric
protected chicks from a lethal challenge of Salmonella

Gallinarum, suggesting that the formulation has the
potential to serve as an antimicrobial livestock feed
and possibly also as an antibiotic functional food in
human diets.

The effect of the bioprocessed extract on the phagocytic
response to bacterial infection has been investigated here,
and the importance of autophagy in response to pathogens
has been well documented, as indicated by the following
selected observations. Yu, et al. [39] describe autophagy
(self-eating in Greek) as a process whereby a double-mem-
brane structure (autophagosome) engulfs unnecessary
cytosolic proteins, organelles and invading pathogens and
delivers them to the lysosome for enzymatic degradation.
These authors reported that the depletion of autophagy
components significantly reduced the replication of cyto-
solic Salmonella in Hela human epithelial cells. A study by
Liang, et al. [40] shows that a Beclin-1 autophagy protein
complex induces innate immune responses essential for
eliminating pathogens. Kim, et al. [41] discusses how host
cell autophagy orchestrates successful antimicrobial re-
sponse in mycobacteria to antibiotics [41] and Wang, et al.
[42] discuss how autophagy has been demonstrated to be
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Fig. 5 Effects of BPRBE on induction of IFN-{3 production through IRF3 activation in S. Typhimurium-infected macrophages. a Phospho-IRF3
protein (p-IRF3) expression profiles assessed by Western blot analysis. RAW 264.7 cells (1 x 10°) were treated with BPRBE and NPRBE for 24 h and
infected with S. Typhimurium and lysed. The phospho-form of IRF3 in the cell lysates was identified using Western blotting. b IFN-{ release from
S. Typhimurium-infected macrophages pre-treated with BPRBE and NPRBE was determined using an ELISA kit. Data are expressed as the mean +
SD of triplicate experiments. Bars sharing a common letter are not significantly different at p < 0.05

\

an important defense mechanism to clear intracellular
pathogenic organisms and as a process that regulates im-
mune responses.

Bernal-Bayard and Ramos-Morales [43] review rele-
vant studies on the molecular mechanisms used by Sal-
monella to evade the immune system by manipulating

inflammatory pathways, Barakat and Friedman [44] de-
scribe the complex mechanism of autophagy in prostate
cancer cells, and Nakahira, et al. [45] discuss the role of
autophagy in the pathogenesis of lung diseases. These
observations suggest that further investigation might
focus on whether the mushroom mycelia-rice bran

Table 3 Effect of NPRBE and BPRBE on bacterial load in feces and organs from Salmonella-infected mice

Treatment

Salmonella infection only

NPRBE (10 mg/kg) BPRBE (10 mg/kg)

Salmonella in feces (x 10° CFU/q)

1 day 338 + 18°

2 day 420 + 31°
Salmonella in organs

Cecum (x 10° CFU/q) 353 +27°

Mesenteric lymph node (x 10° CFU/organ) 347 £19°

Spleen (x 10* CFU/organ) 172.1 + 88°

Liver (x 10% CFU/organ) 806 + 7.6°

347 + 21° 662 + 48°
448 + 35° 729 + 53°
306 + 1.5° 154+ 13°
314+27° 88+ 06°
1653 + 11.2° 105 + 0.9°
754 +29° 96 £ 0.7°

Data are expressed as the mean £ SD (n = 3). Values in each row with the same letter are not significantly different between groups at p < 0.05. BPRBE,

bioprocessed rice bran extract; NPRBE, non-processed rice bran extract
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formulation could also inhibit the growth of cancer cells
via autophagy.

Conclusions

Here we have described the evaluation of a potential-
health-promoting functional food, a mushroom mycelia-
rice bran formulation. The orally administered formula-
tion inhibited the growth of Salmonella Typhimurium in
infected mouse organs. We elucidated the mechanism
by which the formulation seems to govern the destruc-
tion of the foodborne pathogenic microorganism Sal-
monella Typhimurium in mice. In addition, detailed
experiments described here using macrophage cells have
helped to define the biomarkers associated with bacteri-
cidal activity.

Our efforts to investigate the possible mechanism of the
antibiotic effects shows that phagocytosis against Salmonella
Typhimurium in the macrophage cells and bactericidal ac-
tivity in mice is associated with an enhanced autophagic ac-
tivity of the macrophages, leading to macrophage-mediated
bactericidal action as well as to systemic bactericidal action
through type 1 interferon production. This mechanism
seems to govern the inactivation of bacteria and prostate
cancer cells mentioned earlier. Whether autophagy also gov-
erns the inactivation of disease-causing protozoa by natural
compounds [46, 47] merits study.

Because foodborne and medical bacteria often resist the
action of conventional antibiotics [48], it would be of
interest to determine if the antimicrobial formulations
produced via bioprocessing also inhibit the growth of
multidrug-resistant Salmonella and other foodborne path-
ogens in infected rodents, as we observed with a rice hull
smoke extract [7]. It would also be useful to determine if
BPRBE could kill both pathogenic bacteria and cancer
cells by the autophagy process. Clinical trials are needed
to confirm the beneficial results in infected humans. This
study is expected to stimulate future studies to confirm
the antimicrobial health benefits of the new food product
in animal feeds, human foods, and in humans.

Finally, it is of theoretical and practical interest that un-
like BPRBE, other natural antimicrobials including plant es-
sential oil compounds, winery byproducts, shellfish-derived
chitosans, tea compounds, and fruit and vegetable peel
powders induce destruction of pathogens both in vitro and
in vivo by mechanisms involving the disruption of cell
membranes and chemical modification of essential proteins
and DNA [49-56]. In future investigations, BPRBE could
be combined with other natural antimicrobials to deter-
mine if they could neutralize pathogens in animal feeds, hu-
man foods, and in humans.
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