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ABSTRACT: Endotoxemia (sepsis, septic shock) is an inflammatory, virulent disease that results mainly from bacterial infection.
The present study investigates the inhibitory effect of a bioprocessed polysaccharide (BPP) isolated from the edible Lentinus
edodes liquid mycelial mushroom culture supplemented with black rice bran against murine endotoxemia induced by the
Salmonella lipopolysaccharide and p-galactosamine (LPS/GalN). BPP was obtained after dialysis against water using a cellulose
tube with a molecular weight cutoff of 10000. BPP eluted as a single peak on an HPLC chromatogram. Acid hydrolysis of BPP
showed the presence of the following sugars: fucose, galactose, galactosamine, glucose, glucosamine, mannose, rhamnose, and
xylose. Treatment of BPP with S-glucanase reduced its immunostimulating activity, suggesting that the polysaccharide has a f-
glucan structure. Pretreatment of mice with BPP via oral or intraperitoneal (ip) administration for 2 weeks resulted in the
suppression of LPS/GalN-induced catalase, superoxide dismutase (SOD), and transaminase (GOT/GPT) liver enzymes,
amelioration of necrotic liver lesions, and reduction of tumor necrosis factor & (TNF-a) and nitrite serum levels as well as
myeloperoxidase (MPO) activity, an index of necrotic injury. Inmunostimulating macrophage activity was up to S.4-fold greater
than that observed with the culture without the rice bran. BPP also extended the lifespan of the toxemic mice. These positive
results with inflammation biomarkers and lifespan studies suggest that the BPP can protect mice against LPS/GalN-induced liver,
lung, and kidney injuries and inflammation by blocking oxidative stress and TNF-a production, thus increasing the survival of the

toxic shock-induced mice. The polysaccharide has the potential to serve as a new functional food.
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B INTRODUCTION

Endotoxemia is a systemic infection caused by release into the
bloodstream of endogenous mediators of inflammation and the
response of the immune system to infections by bacteria, fungi,
viruses, and parasites in the blood, liver, kidney, lungs, and skin.
The often fatal disease, to which pregnant women and
immunocompromised individuals are especially susceptible, is
accompanied by failure of multiple organs, including liver,
lungs, and kidneys." > In the United States, about 750000
individuals are afflicted with sepsis annually, with a 28—50%
mortality rate.* In England, about 7.7% of all deaths during
2010 are estimated to be sepsis-related.®

Lipopolysaccharide (LPS), an outer membrane component
of Gram-negative bacteria, is a major virulence factor for the
pathogenesis of toxemias (endotoxin shock).® Reported
biomarkers associated with sepsis, septic shock, and endotox-
emia in humans, reviewed by Samraj et al,,” include changes in
mean cell volume of neutrophils and monocytes,” acute kidney
injury,” increases in pro-inflammatory cytokine levels (TNF-q,
IL-6, IL-10, and IL—lRA),lO immunopathologic markers,"! and
the production of numerous amino acid and lipid metabo-
lites.">"> Studies with mice showed that endothelial activation
and oxidant injury are key events in the pathogenesis of sepsis-
induced lung injury, that MAPK kinase-deficient mice were
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protected against injury,'* and that a high-fat diet increased
LPS levels, causing metabolic endotoxemia, cardiac fibrosis, and
mortality."®

Because treatment has proven unsuccessful, there is a need
for new approaches to protect against endotoxemias. In
previous studies we reported that black rice brans, rich in
bioactive bran components such as y-oryzanol and anthocya-
nins, and rice hulls exhibited in vitro and in vivo antioxidative,
anti-inflammatory, antiallergic, antibiotic, and anticarcinogenic
effects.' "% In related studies, we also reported that mush-
room®”° and herbal®' extracts exhibited similar beneficial
effects. Because oral administration of extracts of the mush-
room Lentinus edodes mycelia protected rats against induced
liver injury and infectious disorders,** the objective of the
present study is to determine whether a polysaccharide isolated
from cultures of L. edodes mycelia supplemented with black rice
bran can protect mice against adverse effects caused by induced
endotoxemia more effectively than the mycelia culture alone.
The results suggest that this is indeed the case.
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B MATERIALS AND METHODS

Materials. Salmonella enterica LPS and GalN were purchased from
Sigma-Aldrich (St. Louis, MO, USA). All reagents were of analytical
grade and used without further purification. The RPMI 1640 medium,
Hanks balanced salt solution (HBSS), fetal bovine serum (FBS), and
other cell culture reagents were obtained from Hyclone Laboratories
(Logan, UT, USA). The enzyme kit for glutamic-oxaloacetic
transaminase/glutamic-pyruvic transaminase (GOT/GPT) was the
product of Asan Pharmaceutical Co. (Seoul, Korea). The ELISA kit for
the quantification of tumor necrosis factor-a (TNF-a) was obtained
from Biosource USA (Camarillo, CA, USA). Black rice bran was
prepared from grain of Oryza sativa cv. Heugjinjubyeo as described in
our previous paper.17

Cultivation of Mushroom Mycelia and Preparation of a
Bioprocessed Polysaccharide (BPP). L. edodes fungal mycelia were
isolated from the mushroom fruitbody and cultured on potato
dextrose agar medium (PDA, Difco Laboratory, Detroit, MI, USA).
The genetic identity of the fungus was confirmed by the Korean
Center of Microorganisms (Seoul, Korea). The mycelia cultured on
PDA media were inoculated in 50 mL of the liquid medium (Table 1).

Table 1. Composition of Liquid Media Used for L. edodes
Mycelia Culture

ingredient amount (%)
glucose 2
yeast extract 0.5
soy peptone 0.5
KH,PO, 0.2
MgSO, 0.05
FeSO, 0.002

The culture experiments were conducted in 250 mL Erlenmeyer flasks
at 28 °C for § days in a rotary shaker (120 rpm) to be used to seed the
main liquid culture. The main liquid medium contained black rice bran
(20 g/L) and dried soybean powder (2 g/L). The medium was then
treated with amylase and protease at 60 °C for 60 min for enzymatic
digestion of particulate materials containing carbohydrate and protein.
Subsequently, the culture mass was adjusted to pH 6.0 with HC],
followed by sterilization in the autoclave. The experiment with the
main liquid culture was started using a S L fermentor (working volume
of 3L) at 28 °C and 150 rpm by inoculating with the inoculum (10%)
of the preliquid cultured mycelia. After 7 days, the culture mass was
ground in a colloid mill (model PUC60 Hankook Power Technology
System, Seoul, Korea). The powder was treated with 0.1 M lactic acid
for 60 min, followed by treatment with an enzyme mixture for cell wall
lysis containing cellulose, hemicellulase, pectinase, glucanase, mannose,
and arabinase at 50 °C for 60 min. The acid- and enzyme-treated
culture mass was then extracted with hot water at 90 °C for 1 h and
freeze-dried to a solid material.

Chemical Analysis of BPP. The purity of the resultant BPP
fraction was confirmed by HPLC analysis with the HPLC instrument
(model SPD-20A, Shimazu Corp., Kyoto, Japan) equipped with an
ELSD-LTH detector (Shimazu Corp.). The chromatographic column
WAT1153S packed with hydroxylated polymethacrylated-based gel,
7.8 X 300 mm (Waters, Milford, MA, USA), was set at 45 °C with
water as the carrier at a flow rate of 0.6 mL/min.

Component sugars of BPP were analyzed following the method of
Kim et al.*® with some modification. Briefly, each of the polysaccharide
fractions (0.1 mg) was subjected to different acid hydrolysis
conditions. For analysis of neutral and amino sugars, the
polysaccharide was hydrolyzed by treatment with 2 M trifluoroacetic
acid or 6 M HCl at 100 °C for 4 h, respectively. The hydrolysate was
evaporated to dryness using a SpeedVac model 3100 (EYELA, Tokyo,
Japan), resuspended in distilled water, and injected into a Bio-LC
model ICS-5000 chromatogram with pulsed amperometric detection
(Dionex Corp., Sunnyvale, CA, USA). A CarboPac PAl column
(Dionex, 4 X SO mm) was used to separate monosaccharides by

elution with 16 mM NaOH or 100 mM NaOH/150 mM NaOAc at a
flow rate of 1 mL/min for neutral and amino sugars, respectively.

Animals and Treatments. The protocol for the mice studies was
approved by the Ethics Committee for Animal Care and Use, Ajou
University, Republic of Korea. All experiments were performed in
compliance with the relevant laws and institutional guidelines. Five-
week-old female BALB/c mice were purchased from Orient Bio Inc.
(Seongnam, Korea) and were hosted under a 12 h light/dark cycle at
20—22 °C and relative humidity of S0 + 10%. The mice were fed
freely a pelletized commercial chow diet obtained from Orient Bio Inc.
(catalog no. SL79) and sterile tap water during the entire period. After
acclimation for 1 week, the mice were then divided into four groups (1
= 10), avoiding any intergroup difference in body weight. Two groups
were given BPP, and two were given water only. BPP was dissolved in
water and given to mice via dietary (oral) or the intraperitoneal (ip)
route, respectively. The dose was adjusted to 10 mg/mL for both
routes. After 14 consecutive days, the mice were intravenously injected
with LPS and GalN (S ug/kg and 700 mg/kg, respectively). For
determination of the survival rate, lethal doses of LPS and GalN (20
ug/kg and 700 mg/kg, respectively) were employed. The mice were
observed for 60 h after the LPS and GalN challenge. Except for
determining the survival rate, the other experiments were carried out 4
h after challenge of a sublethal dose of the LPS and GalN (S ug/kg
and 700 mg/kg, respectively). The mice were sacrificed by CO,
asphyxia, and livers and kidneys from each group of mice were excised
and weighed. The blood from the four groups of mice was collected by
cardiac puncture and allowed to clot at room temperature for 30 min.
Subsequently, the blood was subjected to centrifugation at 2000g for
30 min. The separated serum was stored at —20 °C until use.

Purification of Murine Peritoneal Macrophages. Isolation and
purification of peritoneal macrophage cells from BALB/c mice were
performed according to the method of Narumi et al.** Mice were
injected with 4% thioglycollate (1 mL). Four days later, they were
sacrificed by CO, inhalation, followed by lavaging of the peritoneal
cavity with 10 mL of HBSS. Repeated washings were pooled and
centrifuged at 200g for 10 min at 4 °C. The exudated cell pellet was
then resuspended in RPMI 1640 medium containing 10% fetal bovine
serum (FBS) supplemented with penicillin (100 U/mL) and
streptomycin (100 mg/mL). After the number of viable cells had
been counted by trypan blue staining, the exudated cells were plated
onto 60 mm tissue culture dishes [(1—5) X 10° cells/dish)] and
incubated for 2 h at 37 °C in a humidified atmosphere with 5% CO, to
produce macrophage cells firmly adhered onto the dishes. The culture
dishes were thoroughly washed with HBSS to remove nonadherent
cells, and the adhered cells were collected by detaching with 0.25%
trypsin digest and equilibrated with RPMI 1640 medium containing
10% FBS.

Macrophage Stimulating Activity. The cellular lysosomal
enzyme activity was measured according to the method of Suzuki et
al** to evaluate the peritoneal macrophage stimulation level. Briefly,
the samples (20 uL) were added to a macrophage suspension (20 uL;
1 X 10° cells/mL) and RPMI 1640 medium (40 yL) in a flat-bottom
96-well plate at 37 °C in humidified atmosphere with 5% CO, for 24
h. The medium was then discarded, and the adherent macrophage
monolayer in each well was solubilized with Triton X-100 (0.1%; 20
uL). To each well were added 10 mM p-nitrophenyl phosphate (p-
NPP) solution (100 mL) and citrate buffer (0.1 M; S0 uL; pH 9.8) to
terminate the reaction. The absorbance (OD) at 405 nm was
measured using a microplate reader (model 550, Bio-Rad, Hercules,
CA, USA). The percentage of lysosomal enzyme activity was
calculated by using the following formula:

lysosomal enzyme activity (%)
= (OD - ODcontrol/OD

sample control

) X 100

Serum Nitrite and Nitrate Levels. Serum nitrite and nitrate
levels were measured primarily following the method of Misko et al.**
with some modification. Briefly, serum was filtered through an
Ultrafree-MC microcentrifuge filter unit (Millipore, Bedford, MA,
USA) for 1 h at 14000 rpm to remove the hemoglobin released by cell
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Figure 1. HPLC-ELSD chromatogram of the polysaccharide produced by mycelia of Lentinus edodes mushroom cultured in black rice bran

supplemented medium.

lysis. The serum (S0 uL) was incubated in a reaction mixture (40 mM
Tris Cl, 40 uM reduced p-nicotinamide adenine dinucleotide
phosphate, 40 uM flavine adenine dinucleotide, and nitrate reductase
(0.0 U/mL) at pH 7.9 at 37 °C for 1S min. Reduced samples were
incubated with an equal volume of Greiss reagent [1% sulfanilamide
and 0.1% N-(1-naphthyl)ethylenediamine dihydrochloride in $%
phosphoric acid] at room temperature for 15 min. The absorbance
was read at 570 nm using a microplate reader (model 550, Bio-Rad).
The total nitrate/nitrite concentration was determined by comparison
with a reduced NaNO; standard curve.

TNF-a and Serum Transaminases. TNF-a level was determined
using an enzyme-linked immunosorbent assay (ELISA) kit specific for
murine TNF-a according to the manufacturer’s instruction. After
termination of all reactions, the absorbance of the chromophore at 420
nm was measured using a microplate reader. The activities of serum
enzymes glutamic-oxaloacetic transaminase (GOT) and glutamic-
pyruvic transaminase (GPT) were estimated using a commercial
colorimetric kit. Briefly, appropriately diluted serum (200 uL) was
added to the reaction solution (0.1 mL; L-asparaginic acid and a-
ketoglutaric acid mixture). The resultant mixture was incubated at 37
°C for 30 min (GPT) or 60 min (GOT), and 2,4-dinitrophenylhy-
drazine (1 mL) was added. After incubation at room temperature for
20 min, 04 N sodium hydroxide (10 mL) was added, and the
absorbance of the solution was measured at 505 nm using a microplate
reader.

Antioxidant Enzyme Activities in Mouse Liver. The liver tissue
was homogenized in 10 volumes of phosphate-buffered saline (PBS)
on ice for 30 s using a power-driven Polytron homogenizer (Pro
Scientific, Monroe, CT, USA). The homogenate was centrifuged at
9000g at 4 °C for 20 min. The supernatant was recovered and used to
measure the following two antioxidant enzyme activities: for catalase
activity assay at time zero, each supernatant (1.8 mL) was mixed with
PBS (0.2 mL) containing hydrogen peroxide (10 mM). The reaction
mixture (1 mL) was immediately added to a cuvette and placed into a
UV—vis spectrophotometer (model V-550, Jasco, Tokyo, Japan). The
enzyme activity was observed via degradation of hydrogen peroxide as
determined by a decrease in UV light absorbance at 240 nm over time.
Measurement of absorbance was taken at 15 s intervals after addition
of the homogenate to the hydrogen peroxide buffer. Units of catalase
activity per mill'gram of protein were calculated following the method
of Nandi et al.*® For superoxide dismutase (SOD)-like activity assay,
the supernatant (100 L) was mixed with a homogenizing buffer (1.5
mL; S0 mM Tris, 10 mM EDTA, pH 8.5), then pyrogallol (100 xL;
7.2 mM) was added, and the reaction mixture was incubated at 25 °C
for 10 min. The reaction was terminated by addition of 1 M HCI (50
uL), and the absorbance was then measured at 420 nm. One unit was
defined as the amount of enzyme that inhibited the oxidation of
pyrogallol by 50%. The activity was expressed as units per milligram of
protein.z’7

Myeloperoxidase (MPO) Activity. MPO activity was assayed
according to the method of Bralley et al.*® Briefly, the supernatants
recovered from lung and kidney tissue homogenates (30 uL) were

added to the reaction mixture (200 L) consisting of 100 uL of PBS
(80 mM phosphate, 140 mM NaCl, pH 5.4), 85 uL of PBS2 (220 mM
phosphate, 140 mM NaCl, pH 5.4), and 0.017% H,0, (15 uL). The
reaction was started by adding tetramethybenzidine (18.4 uM) in
aqueous dimethylformamide (8%; 20 L) and was left standing for 3
min at 37 °C. The reaction was stopped by the addition of sodium
acetate buffer (30 uL; 1.46 M; pH 3.0). The absorbance (OD) of the
supernatant was then read in a microplate reader at 655 nm for 30
min. The reaction rate (change in OD/time) was derived from an
initial slope of the curve. A calibration curve was used to show the rate
of reaction plotted against the concentration of a standard human
MPO preparation (Sigma-Aldrich).

Serum Urea Nitrogen and Creatinine. Concentrations of urea
nitrogen and creatinine were determined using the commercial
QuantiChrom creatinine assay kit and QuantiChrom urea assay kit,
respectively (Bioassay System, Hayward, CA, USA).

Histology of Liver Tissue. For histological analysis, the liver
tissue of the mice was fixed with paraformaldehyde (4%) in phosphate
buffer (0.5 M; pH 7.4). The tissues were rinsed with water, dehydrated
with ethanol, and embedded in paraffin. The samples were sectioned
into 4 ym and mounted onto glass slides. The sections were then
dewaxed using xylene and ethanol and stained with hematoxylin and
eosin Y (H&E) to reveal the hemorrhagic necrosis in the liver.
Histological changes were observed under a light microscope at 100X
magnification.

Statistical Analysis. Results are expressed as the mean + SD of
three independent experiments. Differences between means were
determined by ANOVA test using the Statistical Analysis Software
package SAS (Cary, NC, USA). p < 0.0S is regarded as significant.

B RESULTS AND DISCUSSION

Isolation and Characterization of BPP from the
Mushroom—Black Rice Bran Culture. The analytical data
described under Materials and Methods indicate that BPP is a
pure compound with a molecular weight >10000 that eluted as
a single peak on the chromatogram shown in Figure 1. Small
molecular weight compounds would be lost during dialysis.

Component sugar analysis following acid hydrolysis shown in
Table 2 indicates that BPP contained mainly the neutral sugars
glucose, galactose, rhamnose, fucose, mannose, and xylose (33.8
g/100 g proteins) and basic amino sugars glucosamine and
galactosamine (0.9 g/100 g BPP). It is likely that additional
sugar compounds might have been degraded during the acid
hydrolysis procedure used to analyze the liberated sugars with
the Bio LC system. Because the BPP treatment with p-
glucanase reduced the macrophage-stimulating activity (results
not shown), it seems that BPP might have a f-glucan structure.

Although we do not know the mechanisms of BPP
biosynthesis, one possibility is that enzymes associated with
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Table 2. Sugar Composition of Macrophage Stimulating
Polysaccharide (BPP) Isolated from L. edodes Mushroom
Mycelia Cultured in Liquid Medium Supplemented with
Black Rice Bran

component sugar g/100 g BPP
fucose 0.8
rhamnose 2.7
galactosamine 0.1
glucosamine 0.8
galactose 9.1
glucose 182
mannose + xylose 3.0

the mushroom mycelia plus exogenously added enzymes in the
presence of the black rice bran catalyzed the conversion of cell
wall and bran compounds to the bioactive polysaccharide.

Bioactivity of Black Rice Bran. Because black rice bran
facilitates production of BPP, it is relevant to mention our
previous study on the vivo bioactivity of the bran*® We
reported that tumor inhibition in mice by black rice bran was
associated with increases in cytolytic activity of splenic natural
killer (NK) cells; partial restoration of NO production and
phagocytosis in peritoneal macrophages; increases in released
TNF-a, IL-1p, and IL-6 cytokines from macrophages; increases
in infiltration of leukocyte into the tumor; and reduction in
angiogenesis inside the tumor. Pro-angiogenic biomarkers
vascular endothelial growth factor, cyclooxygenase-2 (COX-
2), and S-lipoxygenase (5-LOX) were also reduced in mRNA
and protein expression. ELISA of tumor cells confirmed
reduced expression of COX-2 and 5-LOX. Reduced COX-2
and 5-LOX expression down-regulated vascular endothelial
growth factor and inhibited neo-angiogenesis inside the tumors.
The bran component y-oryzanol exhibited similar beneficial
antitumor effects in mice.”> Whether BPP would exhibit similar
antitumor effects merits study.

Macrophage-Stimulating Activity of BPP. To find new
uses for black rice bran as a source of biopolymers with
immune system macrophage-stimulating activity, L. edodes
mycelia were cultured in the black rice bran liquid medium
for 7 days. As an internal control, L. edodes mycelia were also
cultured in the liquid medium without black rice bran. BPP was
tested for the ability to enhance macrophage activity using
murine peritoneal macrophage cells. As shown in Table 3,

Table 3. Effect of Black Rice Bran Supplementation on
Mouse Peritoneal Macrophage-Stimulating Activity of BPP
Isolated from L. edodes Mushroom Mycelia Culture®

lysosomal enzyme activity
sample OD at 405 nm (% of activity)

vehicle 0.088 + 0.005 d (4.2)

LPS (100 ng/mL) 144 + 0.11 b (83)

BPP from culture without black rice bran 0.273 + 0.010 d (15)
(10 pg/mL)

BPP from culture without black rice bran
(100 pug/mL)

BPP from culture with black rice bran
(10 pg/mL)

BPP from culture with black rice bran
(100 pg/mL)

0.845 + 0.053 ¢ (49)
1.39 + 0.11 b (81)
2.08 + 0.16 a (121)

“Data are expressed as the mean + SD (n = 3). Values with the same
letter are not significantly different between groups at p < 0.0S.

macrophage-stimulating activity in the presence of black rice
bran was increased from 15 to 81% at 10 ug/mL treatment
(~S.4-fold change) and, in the absence of black rice bran, from
49 to 120% at 100 and 10 pug/mL treatment (~2.5-fold
change). This study revealed that BPP can elicit a similar (at 10
ug/mL) or much greater level (at 100 pg/mL) macrophage
activation than that observed with the 100 ng/mL LPS-treated
positive control.

These results support the use of black rice bran-
supplemented L. edodes liquid mycelia culture as a biomaterial
for the production of biopolymers with much greater
macrophage-stimulating activity than those produced in
cultures without rice bran supplementation.

Effects of BPP on Antioxidative Enzyme Activities in
Mouse Liver. To find out whether reactive oxygen species
(ROS) level is a crucial factor for the incidence of liver injury
associated with LPS/GalN-induced endotoxemia, the activity of
hepatic antioxidant enzymes including catalase and SOD-like
enzymes was evaluated in the control and experimental mice
groups. Table 4 shows that in the liver of LPS/GalN-treated

Table 4. Effects of BPP on Antioxidant Catalase and
Superoxide Dismutase (SOD)-like Enzyme Activities in
LPS/GalN-Induced Endotoxemic Mouse Liver”

catalase activity SOD-like activity

sample (U/mg protein) (U/mg protein)
normal 392 +£030d 528 £0.33d
LPS/GalN (S pg/kg and 226+ 16a 169 £+ 1.1a
700 mg/kg)
BPP (10 mg/kg) oral 12.19 £ 0.86 b 1120 + 0.54 b
administration
BPP (10 mg/kg) ip 9.53 + 045 ¢ 9.67 + 072 ¢

injection
“Data are expressed as the mean = SD (n = 10). Values in each

column with the same letter are not significantly different between
groups at p < 0.0S.

and untreated mice, the oral treatment with 10 mg/kg body wt/
day BPP induced significant changes in the catalase and SOD-
like enzyme activities from 22.6 to 12.19 U/mg protein (~56%
change) and from 16.9 to 11.20 U/mg protein (~49% change),
respectively.

Table 4 also shows that ip administration of BPP was more
effective in suppressing the LPS/GalN-induced activation of
hepatic catalase and SOD-like enzymes. The decrease ranged
from 22.6 to 9.53 U/mg protein (~70% change) and from 16.9
to 9.67 U/mg protein (~62% change), respectively.

These results show that BPP administration reduced
oxidative damage in the liver induced by the LPS/GalN
challenge.

Effects of BPP on Weights and Histopathology of
Mouse Livers. Figure 2 shows that the induction of
endotoxemia by LPS/GIN resulted in significant increased
liver weights as well as in the formation hemorrhagic lesions in
the liver tissues. By contrast, no apparent hepatic injury was
observed in the vehicle-treated control group. As expected, BPP
treatment via both the oral and ip routes (10 mg/kg body
weight each) markedly blocked the hemorrhagic liver injury as
well as hepatomegaly induced by a sublethal dose of the LPS/
GalN challenge.

These results demonstrate strikingly that BPP protected the
mice against injury of a major organ associated with
endotoxemia.
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Figure 2. Modulation of liver injury in LPS/GalN-induced
endotoxemic mice by BPP (10 mg/kg). (A) Liver sections from
LPS/GalN-administered mice show disorganized hepatic architecture,
intense cellular necrosis, and marked hemorrhagic lesions compared
with the liver section of vehicle-treated mice. Oral or ip administration
of BPP markedly ameliorated LPS/GalN-induced liver damage. (B)
Liver weight was decreased by administration of BPP through both
oral and ip routes. Mice were sacrificed 4 h after LPS/GalN treatment,
and the livers were weighed. Each liver specimen was fixed with 4%
paraformaldehyde, and sections were stained with hematoxylin and
eosin (H&E). Magnification, X100. Circular areas indicate local
hemorrhage and necrosis regions. Bars not sharing a common letter
are significantly different between groups at p < 0.0S.

Effects of BPP on Liver Transaminase Enzyme
Activities in Mouse Serum. Figure 3 shows that as compared
to the normal control group, the liver enzyme levels of the
transaminases GOT and GPT, primary enzymes that serve as
an index of hepatic injury, increased significantly in the serum
of only LPS/GalN-treated mice. Thus, in the mice treated
orally with 10 mg/kg body wt/day BPP, GOT and GPT
activities decreased substantially from 256.3 to 155.9 U/mL (~
58% change) and from 189.6 to 60.4 U/mL (~84% change),
respectively. It was also found that ip delivery of BPP was more
effective in suppressing the LPS/GalN-induced activation of
GOT and GPT, from 256.3 to 121.3 U/mL (~78% change)
and from 189.6 to 48.7 U/mL (~91% change), respectively.

These results show that BPP protected the liver against
necrotic injury associated with endotoxemia.

Effects of BPP on TNF-a and Nitrite Concentrations in
Mouse Serum. Table S shows that TNF-a and nitrite/nitrate
levels in the serum of LPS/GalN-induced endotoxemic mice
were markedly increased compared with those observed in the
normal control mice group (~9- and 21-fold increases,

10991

3004
I GOT
C1GPT

a
2504
2004 @
b
150 c
1004 d
(b)
04

Normal LPS/GalN BPPoral BPPi.p.

Karmen unit / mL

Figure 3. Effect of BPP (10 mg/kg) on serum glutamic-oxaloacetic/
glutamic-pyruvic transaminases (GOT/GPT) in LPS/GalN-induced
endotoxemic mice. The mice were pretreated with BPP for 2 weeks
through oral or ip administration before the LPS/GalN treatment.
Mice were sacrificed 4 h after LPS/GalN treatment, and blood was
collected to produce serum. Bars not sharing a common letter are
significantly different between groups at p < 0.05.

Table 5. Effects of BPP on Tumor Necrosis Factor-a (TNF-
a) and Nitrite Concentrations in Mouse Serum”

sample TNF-a (pg/mL) nitrite (uM)
normal 40.6 +2.0d 0.893 + 0.016 ¢
LPS/GalN (S ug/kg and 700 mg/kg) 357 £ 15a 189 + 10 a
BPP (10 mg/kg) oral administration 176 £ 12 b 6.19 + 044 b
BPP (10 mg/kg) ip injection 1380 + 89 ¢ 5.59 +£028b

column with the same letter are not significantly different between
groups at p < 0.0S.

“Data are expressed as the mean = SD (n = 10). Values in each

respectively). The administration of BPP via the oral route
significantly decreased the TNF-a and nitrite/nitrate concen-
trations from 357 to 176 pg/mL (~57% change) and from 18.9
to 6.19 mM (~71% change), respectively. Table S also shows
that ip injection of BPP was more effective in suppressing LPS/
GalN-induced activation of TNF-a and nitrite/nitrate concen-
trations, from 357 to 138.0 pg/mL (~69% change) and from
18.9 to 5.59 M (~74% change), respectively.

These results show that BPP protected the treated mice
against increased production of nitrite/nitrate, a source of
bioactive nitric oxide (NO), and TNF-a, a critical factor
associated with the cause of the endotoxemia syndrome.

Effects of BPP on Lung and Kidney Injuries in
Endotoxemic Mouse. The evidence of necrotic cell injuries
in the lung and kidney in LPS/GalN challenged endotoxemia
was further confirmed by the observed decreases in the MPO
enzyme activity induced by BPP (Table 6). The table shows
that BPP treatment via the oral route significantly decreased the
MPO activities from 11.94 to 5.63 U/g protein (~72% change)
in the lung and from 6.00 to 3.59 U/g protein (~61% change)
in the kidney, respectively. Intrapeitoneal delivery of BPP was
more effective in suppressing LPS/GalN-induced activation of
MPO activities, from 11.94 to S5.15 U/g protein (~78%
change) in the lung and from 6.00 to 3.11 U/g protein (~73%
change) in the kidney, respectively.

The protective effect of BPP treatment against LPS/GalN-
induced renal injury was also evaluated by measuring creatinine
and urea nitrogen concentrations in the serum. Table 6 also
shows that creatinine and urea nitrogen levels in the serum of
the endotoxemic mice were significantly greater than those in
the normal mice group (~2- and ~4-fold increases,
respectively), indicating the association of endotoxemia with
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Table 6. Effects of BPP on Lung and Kidney Injuries in LPS/GalN-Induced Endotoxemic Mice Assessed by Changes in
Myeloperoxidase, Creatine, and Blood Urea Nitrogen (BUN) Concentrations”

myeloperoxidase (U/g protein)

sample lung
normal 322+ 015 ¢
LPS/GalN (S pg/kg and 700 mg/kg) 11.94 + 0.86 a
BPP (10 mg/kg) oral administration 5.63 +0.14 b
BPP (10 mg/kg) ip injection 515+ 027b

kidney creatinine (mg/dL) BUN (mg/dL)

2.022 + 0.077 d 0.318 + 0.024 d 12.73 £ 0.82 ¢
6.00 + 0.21 a 0.551 + 0.027 a 526 +23a
359 £ 016 b 0433 £ 0.020 b 404 £21Db
311 £0.13 ¢ 0.414 + 0.023 ¢ 387+ 18b

“Data are expressed as the mean + SD (n = 10). Values in each column with the same letter are not significantly different between groups at p <

0.0S.

the release of these amino acid metabolites from the damaged
kidney. By contrast, BPP administration via both the oral and ip
routes significantly lowered LPS/GalN-triggered increases in
creatinine and urea nitrogen levels by up to 59 and 35%,
respectively.

These results imply that despite the observed general
immunostimulating activity in macrophages, BPP suppresses
the signaling pathway for the production of TNF-a and ROS,
possibly analogous to the reported inhibition of the innate
immune receptor Toll-like receptor 4 (TRL-4) synthetic
lipodisaccharide endotoxin antagonist.>> This receptor is also
essential for the expression of chronic inflammatory allergic
airway diseases such as asthma.*

The present study shows that BPP neutralizes the toxic effect
of the LPS-induced endotoxin by reducing TNF-a expression
and production of ROS. Whether BPP might also interrupt
TLR4 signaling and protect against allergic inflammation merits
study.

Effects of BPP on Mortality of Endotoxemic Mice. To
determine the therapeutic effects of BPP on life expectancy, a
lethal dose of LPS/GalN was used to induce sepsis and to
determine the protection by BPP against mortality. Each group
of 10 mice was treated with BPP (10 mg/kg body wt/day) via
both the oral and ip routes during the entire experimental
period. Figure 4 shows that the mice treated with a lethal dose
of LPS/GalN all died after 45 h. By contrast, the groups treated
with BPP survived >60 h.

These observations demonstrate strikingly the potential of
BPP to protect mice against sepsis-induced lethality, presum-
ably via down-regulating the production of the pro-inflamma-
tory cytotoxic factors such as reactive oxygen radicals,
cytokines, and nitric oxide.

© 10 .—a —=—LPS/GalN
o
€ —e—BPP oral
o 8/ A ——BPP i.p.
£
=3
e 64 —n S—8—A—A—4A
E l—o—o l—A—A
8 4 —u l—o
B —a—= *—e—e
£ 2
p=4 —n
04— '

0 10 20 30 40 50 60
Time (hours)

Figure 4. Histogram showing the effect of BPP (10 mg/kg) on LPS/
GalN-induced endotoxemia-induced lethality. BALB/c mice were
preadministered BPP through an oral or ip route every 24 h for 2
weeks and then challenged ip with a lethal dose of LPS/GalN (20 ug
and 700 mg per kg body weight). BPP was then again administered
through the same route during the entire experimental period. Plotted
values are mean values of triplicate determinations.
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The reason why ip administration of BPP was more effective
against endotoxemia than oral administration might be because
the high-molecular-weight compound is less bioavailable from
the oral route. Some of the BPP might also be partially
hydrolyzed or degraded by the acid conditions of the digestive
tract and/or by digestive glycosidases.

Related Studies. To place the findings of the present study
in proper perspective, we will mention reported efforts to
overcome the symptoms of sepsis in rodents with other plant-
derived compounds.

o Ailanthoidol, a neolignan isolated from Zanthoxylum
ailanthoides and Salvia miltiorrhiza Bunge, inhibited inflamma-
tory reactions by macrophages and protected mice against LPS-
induced endotoxin shock, suggesting that this compound is a
functional candidate for the prevention of inflammatory
diseases.*!

o Cathelicidin, a peptide antibiotic, neutralized the biological
activity of LPS and protected mice from lethal endotoxin
shock.*?

o Ethyl acetate, a flavor compound present in fruits and
wines, protected mice against LPS-GalN-induced endotoxic
shock, suggestin§ that the compound possesses anti-inflamma-
tory properties.4

e Honokiol, a phenolic compound isolated from the
medicinal herb Magnolia oﬁcinalis,44 suppressed the lethal
response and acute lung injury in mice associated with LPS-
induced septic shock, suggesting that the compound could be
used as a therapeutic agent to treat conditions associated with
endotoxemia.**

o Nicotinamide, a group B3 vitamin, provided therapeutic
benefits, attenuated inflammatory injury, and improved the
survival rate of mice suffering from LPS/GalN-induced sepsis.*®

® Paeonol (2'-hydroxy-4'-methoxyacetophenone), the main
phenolic compound of the radix peony Paeonia suffruticosa used
as a traditional Chinese medicine, improved the survival of mice
with LPS-induced endotoxemia.*” The compound also
exhibited neuroprotective properties, suggesting that it can
also protect against inflammation and oxidative stress-induced
neuronal damage.*®

® Phosvitin, a hen egg yolk protein, exhibited antimicrobial
activity against Escherichia coli and Staphylococcus aureus
bacteria under thermal stress and increased the survival rate
of mice with induced endotoxemia.*’

e Resolvin D1, a polyunsaturated fatty acid (trihydroxydo-
cosahexaenoic acid), protected mice against induced sepsis/
endotoxin shock by suppressing the release and production of
the septic mediators high-mobility group box-1 (HMGBI)
protein and cytokines.>

® The traditional Chinese medicinal plant Rhizoma coptidis
protected mice against LPS-induced acute liver injury,”"
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suggesting its potential value against endotoxemia-related liver
damage.

These observations suggest the possibility that combinations
of BPP with some of the above-mentioned bioactive
formulations could be useful in the prevention or treatment
of endotoxemias. Such combinations might exhibit additive or
synergistic beneficial effects at lower concentrations than
individual antiendotoxic compounds.

Summary and Research Needs. We evaluated the
potential of the natural biopolymer BPP produced in cultures
of L. edodes mushroom mycelia with supplemented black rice
bran to protect mice against LPS/GalN-induced endotoxemia.
BPP contained both sugars and amino sugars and eluted as a
single peak on an HPLC chromatogram. BPP administered by
ip injection was more effective than that delivered by oral
feeding in protecting the mice against the induced sepsis. The
protective effect was accompanied by stimulation of the innate
immune system without activation of TNF-a expression and
ROS production associated with LPS-induced endotoxemia.

Collectively, the results show that BPP protected mice
against the following biomarkers associated with induced
endotoxemia by: (a) stimulation of the innate immune system
and (b) amelioration of pathological effects in the liver, lung,
and kidney tissues as determined by changes in the
myeloperoxidase activity and serum creatinine and urea
nitrogen levels that serve as an index of sepsis-associated
oxidative tissue damage.

We did not determine whether BPP also exerts its beneficial
effect by inhibiting the extracellular release of HMGBI, a DNA-
binding signaling protein that is released from injured cells
during inflammation.’> This protein also seems to play an
important role as a late-phase mediator of endotoxic/septic
shock.®® The detailed mechanism of the protective effect of
BPP and the potential for food-derived BPP to protect against
liver failure and endotoxemia in humans both merit further
study. We agree with a journal reviewer that the observed
beneficial properties suggest that BPP has the potential to serve
as a functional food.
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