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ABSTRACT: The incidence of inflammatory bowel disease (IBD) has continued to increase
worldwide, and a caspase-independent, pro-inflammatory form of programmed cell death termed
necroptosis has been observed to actively play an important role in its pathogenesis. Recent studies
have indicated that polysaccharides from edible mushrooms suppressed colitis. However, there is
a lack of information on the effect of mushrooms polysaccharides on colitis-associated necroptosis.
In this study, the anti-inflammatory activity of polysaccharides from Lentinus edodes (L. edodes)
and its impact on colitis-associated necroptosis was investigated using both in vivo and in vitro
models. Polysaccharides extracted from L. edodes was administered to DSS-induced colitis mice
prior to and during colitis induction. Caco-2 cells model of necroptosis was used to investigate the
anti-necroptosis activity of the polysaccharides sample in in vitro system. We found that
polysaccharides from L. edodes suppressed colitis in mice in a dose-dependent manner, and
inhibited necroptotic cell death in Caco-2 cells. Interestingly, the polysaccharides extract exerted
a remarkable inhibitory effect on the RIPK1-RIPK3-MLKL necroptosis signaling cascade which
resulted in a decreased level of phosphorylated MLKL (pMLKL) in the colon of colitis mice.
Notably, the anti-inflammatory and anti-necroptosis activities of the polysaccharides sample were
found to be dependent on the carbohydrate-rich fraction of the polysaccharides. These results
suggested that the inhibitory effect of the polysaccharides from L. edodes on necroptotic cell death
in the colon may partly be responsible for its anti-inflammatory activity against ulcerative colitis.
Therefore, this study has provided evidence for the anti-necroptosis and anti-inflammatory activity
of L. edodes polysaccharides extract to support its use as an alternative source of therapeutic agent

against ulcerative colitis.
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ABBREVIATIONS: DAMPs, damage-associated molecular patterns; DMSO, Dimethyl
Sulfoxide; DSS, dextran sodium sulfate; ECL, enhanced chemiluminescence; FBS, fetal bovine
serum; IBD, inflammatory bowel disease; IECs, intestinal epithelial cells; MLKL, mixed lineage
kinase domain-like pseudokinase; MTT, (3-(4,5-Dimethylthiazol-2-yl)-2,5- diphenyltetrazolium
bromide; NEAA, non-essential amino acids; PBS, phosphate-buffered saline; PVDF,
polyvinylidene fluoride; rhTNF-a, recombinant human tumor necrosis factor-a; RIPA,
radioimmunoprecipitation; RIPKI1, receptor interacting protein kinase 1; RIPK3, receptor
interacting protein kinase 3; TBST, Tris-buffered saline containing 0.1% Tween 20; TCA;
trichloroacetic acid; TLR3 and TLR4, toll-like receptor 3 and 4; TNF-a, tumor necrosis factor-a;
TNFRI1, tumor necrosis factor receptor 1; TRAIL, tumor necrosis factor-related apoptosis-

inducing ligand; zVAD, a pan-caspase inhibitor.
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I. INTRODUCTION

The intestine is a specialized organ in the human body, playing an initial and crucial role in nutrient
absorption and energy generation for the normal functioning of the body. Being an organ
responsible for food digestion and absorption, it is constantly in contact with harmful
environmental chemicals and various pathogenic and non-pathogenic microorganisms, such as
fungi, bacteria, and viruses, accompanying food intake.!? Ingested toxic environmental chemicals
do not only affect the activities and composition of microbiota in the lumen, but also cause serious
damage to intestinal epithelial cells.>™> The intestinal epithelial cells (IECs) comprise three major
cell types, namely the absorptive enterocytes, goblet cells, and the Paneth cells, which form both
physical and chemical barrier between the immune cells in the lamina propria and the microbiota
and food substance in the gut lumen. These cells are responsible for food absorption, secretion of
mucin glycoproteins and mucus lining, and antimicrobial peptides, which play important functions
in maintaining the intestinal epithelial homeostasis.® Alterations in the composition and activities
of microbiota, and damage to IECs resulting from toxic environmental chemicals and food-borne
microorganisms have been reported as a major cause of chronic intestinal inflammation. Damaged
IECs undergo cell death and result in disruption of the mucosal barrier leading to an increased
permeability to gut microbiota, and ultimately homeostatic imbalance and systemic spread of
microorganisms (sepsis).’'° Furthermore, a compromised mucosal barrier consequently results in
aberrant response of innate immune cells in the lamina propria to microbiota and food substances
leading to increased secretion of proinflammatory cytokines and chronic intestinal

inflammation.”-'!-13

Inflammatory bowel disease (IBD) is a generalized term used to describe two kinds of

disorders that is characterized by the chronic inflammation of the gastrointestinal tract, with an
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increasing global incidence and prevalence.'*!> It affects people of all age groups, and negatively
impacts on every aspect of lives of the victims.!®!7 It is subdivided into ulcerative colitis and
Crohn’s disease, characterized with severe abdominal pain, diarrhea, weight loss, rectal bleeding,
narrowed gut lumen, and shortened colon length.'®! There is currently no cure for the disease,
and the pathogenesis is not completely understood.!"” However, researchers have attributed a
number of mixed interacting factors ranging from, genetic predisposition, aberrant reactions of
immune cells in the lamina propria to microbiota, luminal antigens and food factors, and
environmental factors. The interactions of these factors result in cell death, disruption of intestinal

epithelial mucosa barrier, and ultimately chronic inflammation of the gut.?°

Recent reports have implicated necroptosis in the pathogenesis of IBD, and it is actively

involved in colitis and other inflammatory conditions.?!"*

It is a caspase-independent
immunogenic form of programmed cell death.?* It is an alternative path of cell death when
apoptosis is inhibited in cells, and it is usually triggered in cells by the stimulation of cell surface
receptors such as TNFR1, TLR3, TLR4, Fas, and TRAIL by their respective exogenous ligands in
the absence or pharmacologic inhibition of caspase-8, or by recognition of viral or endogenous
RNA by Z-DNA/RNA binding protein 1 (ZBP1).2>28 Being caspase-independent, it is mediated
by the activities of receptor interacting protein kinases known as RIPK1, RIPK3, and MLKL
(mixed lineage kinase domain-like pseudokinase). Stimulation of cell surface death receptors
results in the phosphorylation and activation of RIPK1, RIPK3, and MLKL.?"** Phosphorylated
MLKL (pMLKL), known as the necroptosis executor, undergoes oligomerization and translocate
to the plasma membrane where it binds to phosphatidylinositol phosphates to induce

necroptosis.**!
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Edible mushrooms have recently been reported to possess therapeutic properties, ranging
from anti-inflammatory, anti-cancer, hepatoprotective, cholesterol-lowering, anti-oxidant, and
immunomodulatory properties.!**?* One of the prominent components of edible mushrooms
which has attracted significant attention is a group of bioactive polysaccharides known as [3-
glucans. Many studies have reported that B-glucans, such as lentinan (a -1,3;1,6-glucan, derived
from Lentinus edodes (L. edodes), is able to suppress intestinal inflammation by modulating the
activities of microbiota and reducing the expression of pro-inflammatory cytokines, such as TNF-
a, IL-8, IL-1B, IFN-y, and IL-6 by binding to Dectin-1, a C-type lectin-like receptor, expressed on
the cell surface of IECs and innate immune cell, such as macrophages, dendritic cells, and
neutrophils.*®** However, no study has yet investigated the effect of polysaccharides derived from
L. edodes on necroptosis during colitis. Therefore, in this study, the anti-inflammatory effect of
polysaccharides from L. edodes and its effect on necroptosis were investigated using in vivo and

in vitro models.

II. MATERIAL AND METHODS
A. Reagents

DEAE-sepharose CL-6B was purchased from GE Healthcare Bio-sciences AB (Sweden). Dextran
sodium sulphate (DSS, 36-50 kDa) was purchased from MP Biomedicals (Canada). Dulbecco’s
Modified Eagle Medium (DMEM) containing glutamine and glucose (4.5 g/L) was purchased from
Fujifilm Wako Pure Chemical Corporation (Osaka, Japan). RPMI 1640 medium and MEM non-
essential amino acids (NEAA) were purchased from Nissui Pharmaceutical (Tokyo, Japan) and

Gibco (Grand Island, NY, USA) respestively. FBS (fetal bovine serum) was purchased from
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Biological Industries (Beit, Israel). Recombinant human tumor necrosis factor-a (thTNF-a)) was
purchased from PeproTech (Rocky Hill, NJ, USA). Necrostatin-1 (Nec-1) and zZVAD-fmk (pan-
caspase inhibitor) were purchased from Abcam (ab141053) and Selleck (Tokyo, Japan)
respectively. MTT was purchased from Nacalai Tesque (Kyoto, Japan), mouse anti-f-actin
antibody was from Santa Cruz Biotechnology (Delaware Avenue, CA), rabbit monoclonal
antibody against human pMLKL (ab187091) and mouse pMLKL (ab196436) were purchased from
Abcam. Mouse HRP-conjugated anti-IgG and rabbit HRP-conjugated anti-IgG were purchased
from R&D Systems (Minneapolis, USA) and Cell Signaling Technology (Danvers, MA, USA)

respectively. Every other chemicals and reagents were standard guaranteed commercial products.

B. Used Mushroom and Extraction of Polysaccharides

L. edodes strain MH009105, was gifted by a mushrooms’ cultivation company in Japan (Hokuto
Corporation: Hokuto’s Kinoko). The polysaccharides extraction was carried out according to the
method of Mizuno et al.*! with little modifications. The fresh mushroom samples (fruit body) were
pulverized in liquid nitrogen using an Ace homogenizer (AM 7, Nihonseiki Kaisha Ltd), and
lyophilized to obtain the dried powdery sample. Twenty grams (20 g) of the dried powdery sample
was extracted in 600 mL of distilled water at 100 °C for 6 h. The extracts were obtained by
centrifugation at 3500 rpm, 25 °C for 20 min, and the pellet was discarded. Ethanol (100%) in the
ration of 3:1 was added to the supernatant and allowed to stand overnight at 4 °C to precipitate the
polysaccharides. The supernatant and precipitate were separated by centrifugation at 3500 rpm,
4 °C for 20 min, and the pellets were washed twice with distilled water and centrifuged again at
3500 rpm, 4 °C for 20 min. Pellets obtained were lyophilized to obtain the dried crude

polysaccharides used for this study.



144

145

146

147

148

149

150

151

152

153

154

155

156

157

158

159

160

161

162

163

164

165

C. Chromatographic Separation of Polysaccharides Samples

Anion exchange column chromatographic technique was used to separate the polysaccharides
obtained from L. edodes. A slurry of DEAE-sepharose CL-6B in distilled water was packed in a
column (2.4 cm % 18 c¢cm) at a flow rate of 1 mL/min, and washed four times with distilled water
to the ethanol used for preservation. The column was equilibrated with distilled water and loaded
with 20 mL of 5 mg/mL of polysaccharides sample. The sample was eluted in a step wise manner
with 200 mL of NaCl solution of increasing ionic strength (0.0, 0.5, and 1.0 M) at a flow rate of 1
mL/min, and eluate collected at 10 mL/tube. Total carbohydrate content of the eluate in each tube
was monitored at 490 nm using the phenol-sulfuric acid method.** The same peak fractions were
pooled and dialyzed for 24 h in distilled water and lyophilized, and the two different fractions,
fraction 1 and 2 were name LeP1 and LeP2. The dried polysaccharides were stored at 4 °C for

subsequent use.

D. Total Carbohydrate Content Determination

The carbohydrate content of the samples was determined by the phenol-sulfuric acid method.*?
Briefly, 0.4 mL of sample was mixed with 0.5 mL of 5% phenol and vortexed, followed by addition
of 1 mL of concentrated sulfuric acid (H2SO4), vortexed, and allowed to stand for 20 min at room
temperature (25 °C). Absorbance was measured using a microplate reader (SH-9000, Corona
electric, Japan) at 490 nm. D-glucose (0-100 pg/mL) was used as standard to calculate the total

carbohydrate content.
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E. Total Protein Content Determination

Total protein content of the samples was determined by Lowry’s method*® with slight modification.
Briefly, 0.2 mL of sample was mixed with 1 mL of Lowry’s solution, vortexed, and incubated at
25-30 °C for 15 min, followed by addition of 100 pL of 1 N Folin’s phenol reagent (prepared fresh),
vortexed, and incubated at 25-30 °C for 30 min. Absorbance was measured at 750 nm with a
microplate reader (SH-9000, Corona Electric, Japan). Bovine serum albumin (BSA) was used as
standard for calculating total protein content. Lowry’s solution was prepared by mixing solution
A (4 mg/mL NaOH and 20 mg/mL Na>COs in water) and solution B (10 mg/mL of potassium

sodium tartrate and 5 mg/mL CuSOy4 in water) in 50:1 ratio.

F. Deproteination of Polysaccharides Sample

Polysaccharides sample was deproteinated with trichloroacetic acid (TCA) according to the
method of Trakoolpolpruek et al.** Briefly, 2 mg/mL of polysaccharides was mixed with 20%
TCA and stored at 4 °C overnight. Precipitated protein was removed by centrifugation at 13,000 g
for 20 min. TCA was removed from supernatant by dialysis in distilled water for 24 h with fresh
water change every 2 h. Polysaccharides were precipitated by adding three-fold of 100% ethanol
overnight at 4 °C. Precipitate was recovered by centrifugation at 3500 rpm for 20 min, washed

with 100% ethanol, and lyophilized.

G. Cell Death Assay

1. Cell culture
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Caco-2 cells (intestinal epithelial cell line) were cultured in a 75 cm? plastic flask containing 10
mL of DMEM (4.5 g/L glucose) supplemented with 10% FBS, 1% MEM-NEAA, 100 pg/mL
streptomycin, and 100 U/mL penicillin. The cells were incubated at 37 °C in a 5% CO: incubator.
New culture medium was changed every other two days. Cells were passaged at 80% confluence.
Trypsin was used to release cells from the bottom of the flask after washing with phosphate-

buffered saline (PBS), and re-plated in a new flask.

2. Cell death induction

Caco-2 cells were cultured in DMEM (4.5 g/L glucose) with fresh medium change every two days
until the cells reached 80% confluence. The methods of Dong et al.* and Lou et al.* were adopted
with modifications. Briefly, the cells were harvested with trypsin and 100 uL of 2 x10° cells/mL
were seeded onto 96-well plates and incubated overnight at 37 °C and 5% COx. Cell death was
induced with increasing concentration of TNF-a (20, 50, and 100 ng/mL). For necroptotic cell
death induction, Caco-2 cells were incubated with 50 uM zVAD, 50 uM zVAD plus 20 uM
necrostatin-1 (Nec-1), 50 uM zVAD plus 200 pg/mL or 500 pg/mL LeP1 2 h prior to TNF-a
stimulation for an additional 24 h. Cell death was determined by MTT (3-(4,5-Dimethylthiazol-2-

yl)-2,5- diphenyltetrazolium bromide) assay.

3. Measurement of cell death

Cell death analysis was performed by MTT assay. Briefly, 100 pL of Caco-2 cells (2 x 10°
cells/mL) in RPMI 1640 (supplemented with 10% FBS, 100 pg/mL streptomycin, and 100 U/mL
penicillin) were seeded in 96-well plate and incubated overnight at 37 °C and 5% CO,. Media was

10



209

210

211

212

213

214

215

216

217

218

219

220

221

222

223

224

225

226

227

228

229

replaced with 100 uL of fresh media containing the different treatments, followed by additional
incubation for 24 h at 37 °C and 5% COs,. Fresh media containing MTT at a final concentration of
0.25 mg/mL was added, after removal of the old media, and incubated for 4 h at 37 °C and 5%
COs. The MTT-containing media was then replaced with Dimethyl Sulfoxide (DMSO, 100
pL/well) and incubated again at 37 °C and 5% CO: for 20 min. Absorbance was measured at 570
nm with a microplate reader (SH-9000, Corona electric, Japan). Percentage cell survival was
calculated with the formula: Cell survival (%) = (Aa - Ao)/ (Ab - Ao) x 100, where A, is absorbance

of the test well, Ay is absorbance of the control well, and A, is the absorbance of blank well.

H. Animal Study

1. Mice

Eight weeks old female C57BL/6 mice, purchased from Japan SLC (Shizuoka, Japan) were used
for this study. Mice were acclimatized for 7 days with free access to water and food (ad libitum),
housed in a room with controlled temperature at 23 + 2 °C, humidity of 50 = 10%, and 12 h light/
dark cycle at the Life Science Laboratory, Kobe University. This study was duly approved by
Kobe University Animal Care and Use Committee (approval number: 28-10-04-R1), and was

carried out according to the Institution’s Animal Experimentation Regulations.

2. Colitis/ In vivo necroptosis induction

Eight weeks old female C57BL/6 mice were used for this experiment. 2.5% (w/v) DSS (dextran

sodium sulfate: 36-50 kDa), in drinking water (ad /ibitum), was used to induce colitis in mice for

11
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7 days. Mice were treated with polysaccharide samples for 7 days prior to treatment with 2.5%
DSS and continued during DSS treatment for additional 10 days. Body weight of mice were
recorded daily and mice were sacrificed at the end of treatment/administration. Colon tissues were

excised, washed in ice-cold PBS and used for Western blot analysis after measuring their length.

3. Western blot analysis

Colon tissue samples (4-5 mg) were homogenized in ice-cold RIPA (radioimmunoprecipitation)
buffer containing PMSF and a cocktail of protease and phosphatase inhibitors (aprotinin, leupeptin,
Na Fluoride, and DTT). Protein quantification was carried out by Lowry’s method, and equal
amounts of proteins were separated with SDS/PAGE (10% gels) under reducing conditions.
Proteins were transferred onto PVDF (polyvinylidene fluoride) membranes after electrophoresis
in running buffer with 10% methanol. The membrane was washed four times in TBST (Tris-
buffered saline containing 0.1% Tween 20) for 5 min each. Non-specific sites were blocked with
4% (w/v) BSA (bovine serum albumin) in TBST for 1 h 30 min at room temperature (25 °C). The
membranes were then incubated overnight at 4 °C with anti-pMLKL (dilution of 1:1000) after
washing four times with TBST for 5 min each, and anti-B-actin (dilution of 1:5000) was used as
loading control. After four washes with TBST for 5 min each, the membranes were incubated with
horseradish-peroxidase conjugated secondary antibodies for 2 h in TBST (dilution of 1:5000).
Protein bands were visualized using enhanced chemiluminescence (ECL) Plus Western blot

detection kit. ImageJ software was used to determine the relative density of the bands.

I. Statistical Analysis

12
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All data are presented as mean = SD. Statistical analysis was performed by Tukey-Kramer and
two-tailed standard ¢ tests. Statistical significance was defined as *p < 0.05, **p <0.01, and ***P

<0.001.

III. RESULTS
A. Polysaccharides from L. edodes Suppressed Colitis in Mice

To investigate the effect of polysaccharides extracted from L. edodes on colitis, a DSS-induced
colitis mice model was used. DSS is a relatively water soluble, negatively charged sulphated
polysaccharide which is usually used as a colitogenic agent to induce acute colitis in mice. The
DSS-induced colitis model is considered to be a simple model and have many similarities with
human ulcerative colitis, making it a useful model for studying chronic intestinal inflammatory
conditions.*’ In this study, mice treated with DSS developed colitis with loss in body weight,
bloody diarrhea, and shortened colon length. However, in contrast to DSS-treated mice, oral
administration of 500 pg/mouse polysaccharides extracts from L. edodes (which showed no sign
of toxicity to mice, Fig. 1A) significantly prevented colon length shortening (Fig. 1D and E) and
suppressed the severity of the disease in mice (Fig. 1C). Disease Activity Index was determined
according to the method of Jeengar et al.*® There was no significant difference in body weight of
DSS-treated mice and mice orally treated with polysaccharides extract probably due to insufficient
dose of the active component of the polysaccharides extract (Fig. 1B). These results suggest that

polysaccharide from L. edodes possessed inhibitory activity against colitis in mice.
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B. Anti-inflammatory Activity of L. edodes Polysaccharides is Dependent on the

Carbohydrate-rich Fraction

The results above on polysaccharides from L. edodes indicated that it possessed anti-inflammatory
properties against colitis in mice (Fig. 1D and E), and chromatographic separation of the
polysaccharides using DEAE-sepharose CL-6B suggested that it contained two different
polysaccharides, LeP1 and LeP2 (Fig. 1F). Carbohydrate and protein content of LeP1 and LeP2
were carried out by phenol-sulfuric acid method and Lowry’s method respectively.*** The results
in Fig. 2A and B, indicate that LeP1 is a carbohydrate rich component while LeP2 is a protein rich
component. To determine the component which exerted the anti-inflammatory activity above,
colitis was again induced in C57BL/6 mice treated with LeP1 or LeP2 using 2.5% DSS for seven
(7) days. Although both LePland LeP2 were unable to significantly prevent body weight loss in
mice (Fig. 2C), probably due to insufficient dose, their oral administration to mice resulted in a
significant suppression of colon length shortening, a marker for colitis, with LeP1 showing a much
stronger ability to prevent colitis in mice (Fig. 2D and E). Furthermore, deproteination of
polysaccharides from L. edodes did not abrogate its anti-inflammatory activity (Fig. 2F-I) against
colitis in mice, indicating that the anti-inflammatory activity did not depend on the protein
component. Taken together, these data demonstrate that the anti-inflammatory activity of L. edodes
polysaccharides is dependent on the carbohydrate-rich component. However, other non-
carbohydrate and non-protein compounds which may be present in the carbohydrate-rich fraction

may have also contributed to the anti-inflammatory activity observed.

C. Anti-inflammatory Activity of LeP1 from L. edodes is Dose-dependent

14
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The results in Fig. 2 above, showed that LeP1 strongly suppressed colitis, but was unable to
significantly prevent loss of body weight of colitis mice. To determine whether the anti-
inflammatory activity of LeP1 was dependent on the dose. We treated colitis mice with different
doses (110, 200, and 300 pg/mouse) of LeP1. In this study, we observed that the ability of LeP1
to suppress loss in body weight of colitis mice was dose-dependent (Fig. 3A). Furthermore,
shortened colon length in colitis mice was significantly prevented, in a dose-dependent manner,
with the treatment of LeP1 (Fig. 3B and C). These data suggest that the anti-inflammatory activity

of LeP1 against intestinal inflammation is dose-dependent.

D. LeP1 from L. edodes Suppressed Necroptosis in Mice

Recent studies on the pathophysiology of intestinal inflammation and other inflammatory disease
conditions have shown that a type of cell death which is caspase-independent and morphologically
different from apoptosis, known as necroptosis, is actively involved in the pathogenesis of
inflammatory diseases. Necroptosis leads to the disruption of intestinal mucosal barrier which
results from the death of IECs.?? IECs death results in an increased leakage of the barrier to luminal
antigens and microbiota into the lamina propria. Interactions of immune cells in the lamina propria
with luminal antigens and microbiota results in the release of pro-inflammatory cytokines and
consequently exacerbates intestinal inflammation.*>° To determine whether necroptosis was
involved in DSS-induced colitis, we analysed the level of the necroptosis executor, pMLKL
(phosphorylated MLKL), which is widely used as a marker for necroptosis. Consistent with recent
reports that necroptosis is actively involved in inflammatory bowel disease conditions, we found
that DSS treatment to mice resulted in an increased level of pMLKL, indicating that the necroptosis

pathway was activated during colitis (Fig. 4A-D). However, LeP1 significantly prevented
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necroptosis by suppressing the phosphorylation of MLKL in a dose-dependent manner (Fig. 4A-
D). These data indicate that LeP1 prevented necroptosis in mice by suppressing the level of

pMLKL, and this may partly account for its anti-inflammatory activity against colitis in mice.

E. LeP1 from L. edodes Prevented Necroptotic Cell Death In Vitro

To further study the anti-necroptosis effect of polysaccharides from L. edodes, an in vitro
necroptosis model comprising Caco-2 cells was used. Apoptotic cell death was induced in Caco-2
cells with increasing concentration of TNF-o, and the result obtained indicate that apoptotic cell
death by TNF-o is dose-dependent (Fig. 5SA). The reports of Nishitani et al.'” and Zhang et al.>!
indicated that TNF-o was highly expressed during colitis suggesting that it played a significant
role in the associated necroptotic cell death observed in our study. Therefore, in this study, TNF-
a and zZVAD (A pan-caspase inhibitor) was used to induce necroptotic cell death in Caco-2 cells.
We observed that treatment with zVAD-fmk, an apoptosis inhibitor, did not prevent TNF-a-
induced cell death in Caco-2 cells, indicating that cell death was caspase-independent (Fig. 5B).
However, both 200 pg/mL and 500 pg/mL of LePl significantly inhibited TNF-induced
necroptotic cell death in Caco-2 cells (Fig. 5C). Furthermore, Necrostatin-1 (Nec-1), an inhibitor
of necroptosis, also significantly prevented TNF-induced cell death in Caco-2 cells. Nec-1 is an
allosteric inhibitor of the kinase activity of RIPK1, an important player in the RIPK1-RIPK3-
MLKL necroptosis pathway (Fig. 5C). These data demonstrate that polysaccharide from L. edodes

prevented necroptotic cell death in an intestinal epithelial cell line, Caco-2 cells, in vitro.

F. LeP1 from L. edodes May Be Acting on RIPK1 to Exert Its Anti-necroptosis Effect
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RIPK1 is capable of inducing both apoptotic and necroptotic cell death through its kinase activity,
and its inhibition results in blockage of its two downstream effects, apoptosis and necroptosis. >
Having demonstrated that our polysaccharides sample prevented necroptotic cell death in Caco-2
cells and colon tissues of colitis mice (Fig. 4A-D; Fig. 5C), we next investigated whether the
polysaccharides sample (LeP1) could prevent apoptotic cell death in the same manner.
Surprisingly, we observed that the polysaccharides sample significantly blocked TNF-a-induced

cell death in Caco-2 cells (Fig. 5D). These data suggest that the polysaccharides sample may be

exerting its effect on RIPK1 to suppress both necroptosis and apoptosis.

IV. DISCUSSION AND CONCLUSIONS

Necroptosis is a caspase-independent, pro-inflammatory form of programmed necrotic cell death.
Unlike apoptosis, it is characterized by cell swelling, lysis, and release of intracellular contents
into surrounding tissues. It is known as immunogenic because of the release of pro-inflammatory
cell contents such as interleukins and damage-associated molecular patterns (DAMPs) into
extracellular medium. Recent reports indicated that it is actively involved and associated with
colitis and other inflammatory disease conditions. Studies have suggested that lentinan, a B-1,3-
1,6-glucan, suppressed intestinal inflammation by suppressing gene expression of pro-
inflammatory cytokines through binding to dectin-1 on the surface of IECs.!” However,
necroptotic cell death plays an important role in the pathogenesis and progression of intestinal
inflammation, and inhibitors of necroptosis have shown promising clinical results in preventing
intestinal inflammation.’! No study has yet reported any effect of polysaccharides from edible
mushrooms against necroptosis. In this study, consistent with reports of other researchers, we

found that necroptosis was associated with DSS-induced colitis.’! However, we demonstrated that
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polysaccharides extract from L. edodes significantly suppressed colitis and necroptosis in a dose-

dependent manner.

An in vitro necroptosis model consisting of Caco-2 cells, previously described by Dong et

al.* and Lou et al.*¢

was utilized in this study. First, we performed in vitro TNF-a-induced cell
death studies using Caco-2 cells, and we found that Caco-2 cells died by necroptotic cell death in
the presence of caspase inhibitor (zVAD-fmk) when stimulated with TNF-a, and also responded
to TNF-a-induced cell death in a dose dependent manner. Interestingly, we also observed that

LeP1 from L. edodes significantly protected Caco-2 cells from TNF-a-induced necroptotic cell

death in vitro.

RIPK1 is capable of inducing both apoptosis and necroptosis (when caspase-8 is
inactivated) in cells through its kinase activity, indicating that inhibition of the kinase activity
could effectively block both necroptosis and apoptosis.’>>> Notably, we found that the
polysaccharide sample was able to prevent both TNF-a-induced necroptosis and TNF-a-induced
extrinsic apoptosis in Caco-2 cells, suggesting that it may be exerting its suppressive effect on
RIPK1, which in turn resulted in the reduced level of its downstream effector, pMLKL
(necroptosis executor), as observed in this study. Furthermore, we showed that the anti-
inflammatory and anti-necroptosis activity of polysaccharides from L. edodes was majorly

dependent on the carbohydrate-rich fraction (LeP1), and not on the protein-rich fraction.

Necroptosis leads to disruption of intestinal mucosal barrier as a direct consequence of
IECs death.?? IECs death results in an increased leakage of the barrier to luminal antigens and
microbiota into the lamina propria. Interactions of immune cells in the lamina propria with luminal
antigens and microbiota results in the release of pro-inflammatory cytokines and consequently

exacerbates intestinal inflammation.*>>° Therefore, these findings strongly suggest that the
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inhibition of necroptosis by polysaccharides derived from L. edodes, as demonstrated in this study,
may partly be responsible for its activity against intestinal inflammation. This study is the first to
report that polysaccharides from L. edodes prevented necroptosis in both in vivo and in vitro studies,
and also suppressed DSS-induced colitis in mice. Moreover, this study has provided a useful and
novel insight on the therapeutic mechanism of L. edodes polysaccharides against gastrointestinal

inflammation.

ACKNOWLEDGEMENTS

Chidube Anthony Alagbaoso is a recipient of MEXT scholarship, and the study was supported by

Japan’s Ministry of Education, Culture, Sports, Science and Technology (MEXT).

CONFLICT OF INTEREST

The authors declare no conflict of interest.

REFERENCES

1. Greenwood-Van Meerveld B, Johnson AC, Grundy D. Gastrointestinal physiology and
function. Handb Exp Pharmacol. 2017; 239: 1-16.

2. Goodman BE. Insights into digestion and absorption of major nutrients in humans. Adv
Physiol Educ. 2010; 34: 44-53.

3. Boukhettala N, Leblond J, Claeyssens S, Faure M, Le Pessot F, Bole-Feysot C, Hassan A,

Mettraux C, Vuichoud J, Lavoinne A, Breuillé D, Déchelotte P, Coéffier M. Methotrexate

19



407

408

409

410

411

412

413

414

415

416

417

418

419

420

421

422

423

424

425

426

427

428

429

10.

induces intestinal mucositis and alters gut protein metabolism independently of reduced
food intake. Am J Physiol Endocrinol Metab. 2009; 296 (1): E182-90.

Elsheikh W, Flannigan KL, McKnight W, Ferraz JGP, Wallace JL. Dextran sulfate sodium
induces pan-gastroenteritis in rodents: implications for studies of colitis. J Physiol
Pharmacol. 2012; 63 (5): 463-9.

Zhang H, Wang S, Jin LH. Acanthopanax senticosus polysaccharide regulates the intestinal
homeostasis disruption induced by toxic chemicals in Drosophila. Phytother Res. 2020; 34
(1): 193-200.

Soderholm AT, Pedicord VA. Intestinal epithelial cells: at the interface of the microbiota
and mucosal immunity. Immunology. 2019; 158: 267-80.

Muiioz L, Borrero M, Ubeda M, Conde E, Campo RD, Rodriguez-Serrano M, Lario M,
Sanchez-Diaz A, Pastor O, Diaz D, Garcia-Bermejo L, Monserrat J, Alvarez-Mon M,
Albillos A. Intestinal immune dysregulation driven by dysbiosis promotes barrier
disruption and bacterial translocation in rats with cirrhosis. Hepatology. 2019; 70 (3): 925-
38.

Chen T, Chen S, Wu H, Lee T, Lu Y, Wu L, Ni Y, Sun C, Yu W, Buret AG, Yu LC.
Persistent gut barrier damage and commensal bacterial influx following eradication of
Giardia infection in mice. Gut Pathog. 2013; 5 (1): 26-37.

Min H, Kim J, Ahn J, Shim Y. Gliadin intake causes disruption of the intestinal barrier and
an increase in germ cell apoptosis in a Caenorhabditis elegans model. Nutrients. 2019; 11
(11): 2587-607.

Maloy KIJ, Powrie F. Intestinal homeostasis and its breakdown in inflammatory bowel

disease. Nature. 2011; 474: 298-306.

20



430

431

432

433

434

435

436

437

438

439

440

441

442

443

444

445

446

447

448

449

450

451

452

1.

12.

13.

14.

15.

16.

17.

18.

LiH-L, Lu L, Wang X-S, Qin L-Y, Wang P, Qiu S-P, Wu H, Huang F, Zhang B-B, Shi H-
L, Wu X-J. Alteration of gut microbiota and inflammatory cytokine/chemokine profiles in
5-fluorouracil induced intestinal mucositis. Front Cell Infect Microbiol. 2017; 7: 455-68.
de Freitas MB, Moreira EAM, Tomio C, Moreno YMF, Daltoe FP, Barbosa E, Neto NL,
Buccigrossi V, Guarino A. Altered intestinal microbiota composition, antibiotic therapy
and intestinal inflammation in children and adolescents with cystic fibrosis. PLoS ONE.
2018; 13 (6): e0198457.

Fang S, Zhuo Z, Yu X, Wang H, Feng J. Oral administration of liquid iron preparation
containing excess iron induces intestine and liver injury, impairs intestinal barrier function
and alters the gut microbiota in rats. J Trace Elem Med Biol. 2018; 47: 12-20.

Kaplan GG. The global burden of IBD: from 2015 to 2025. Nat Rev Gastroenterol Hepatol.
2015; 12: 720-7.

Everhov AH, Halfvarson J, Myrelid P, Sachs MC, Nordenvall C, Séderling J, Ekbom A,
Neovius M, Ludvigsson JF, Askling J, Olén O. Incidence and treatment of patients
diagnosed with inflammatory bowel diseases at 60 years or older in Sweden.
Gastroenterology. 2018; 154 (3): 518-28.

Burisch J, Jess T, Martinato M, Lakatos PL. The burden of inflammatory bowel disease in
Europe. J Crohns Colitis. 2013; 7 (4): 322-37.

Froes RdeSB, Carvalho ATP, Carneiro AldeV, Moreira AMHdeB, Moreira JPL, Luiz RR,
de Souza HS. The socio-economic impact of work disability due to inflammatory bowel
disease in Brazil. Eur J Health Econ. 2018; 19: 463-70.

Conrad K, Roggenbuck D, Martin WL. Diagnosis and classification of ulcerative colitis.

Autoimmunity Reviews. 2014; 13: 463-6.

21



453

454

455

456

457

458

459

460

461

462

463

464

465

466

467

468

469

470

471

472

473

474

19.

20.

21.

22.

23.

24.

Nishitani Y, Zhang L, Yoshida M, Azuma T, Kanazawa K, Hashimoto T, Mizuno M.
Intestinal anti-inflammatory activity of lentinan: influence on IL-8 and TNFR1 expression
in intestinal epithelial cells. PLoS ONE. 2013; 8 (4): €62441.

Cleynen I, Boucher G, Jostins L, Schumm LP, Zeissig S, Ahmad T, Andersen V, Andrews
JM, Annese V, Brand S, Brant SR, Cho JH, Daly MJ, Dubinsky M, Duerr RH, Ferguson
LR, Franke A, Gearry RB, Goyette P, Hakonarson H, Halfvarson J, Hov JR, Huang H,
Kennedy NA, Kupcinskas L, Lawrance IC, Lee JC, Satsangi J, Schreiber S, Theatre E,
Jong AEM, Weersma RK, Wilson DC, Parkes M, Vermeire S, Rioux JD, Mansfield J,
Silverberg MS, Radford-Smith G, McGovern DPB, Barrette JC, Lees CW. Inherited
determinants of Crohn's disease and ulcerative colitis phenotypes: a genetic association
study. Lancet. 2016; 387: 156-67.

Pierdomenico M, Negroni A, Stronati L, Vitali R, Prete E, Bertin J, Gough PJ, Aloi M,
Cucchiara S. Necroptosis is active in children with inflammatory bowel disease and
contributes to heighten intestinal inflammation. Am J Gastroenterol. 2014; 109: 279-87.
Negroni A, Colantoni E, Pierdomenico M, Palone F, Costanzo M, Oliva S, Tiberti A,
Cucchiara S, Stronati L. RIP3 AND pMLKL promote necroptosis-induced inflammation
and alter membrane permeability in intestinal epithelial cells. Dig Liver Dis. 2017; 49 (11):
1201-10.

Davidovich P, Kearney CJ, Martin SJ. Inflammatory out-comes of apoptosis, necrosis and
necroptosis. Biol Chem. 2014; 395: 1163-71.

Rosenbaum DM, Degterev A, David J, Rosenbaum PS, Roth S, Grotta JC, Cuny GD, Yuan

J, Savitz SI. Necroptosis, a novel form of caspase-independent cell death, contributes to

22



475

476

477

478

479

480

481

482

483

484

485

486

487

488

489

490

491

492

493

494

495

496

25.

26.

27.

28

29.

30.

neuronal damage in a retinal ischemia-reperfusion injury model. J Neurosci Res. 2010; 88
(7): 1569-76.

Liang X, Chen Y, Zhang L, Jiang F, Wang W, Ye Z, Liu S, Yu C, Shi W. Necroptosis, a
novel form of caspase-independent cell death, contributes to renal epithelial cell damage
in an ATP-depleted renal ischemia model. Mol Med Rep. 2014; 10 (2): 719-24.

Sun L, Wang X. A new kind of cell suicide: mechanisms and functions of programmed
necrosis. Trends Biochem Sci. 2014; 39: 587-93.

Newton K, Dugger DL, Maltzman A, Greve JM, Hedehus M, Martin-McNulty B, Carano
RAD, Cao TC, van Bruggen N, Bernstein L, Lee WP, Wu X, DeVoss J, Zhang J, Jeet S,
Peng I, McKenzie BS, Roose-Girma M, Caplazi P, Diehl L, Webster JD, Vucic D. RIPK3
deficiency or catalytically inactive RIPK1 provides greater benefit than MLKL deficiency
in mouse models of inflammation and tissue injury. Cell Death Differ. 2016; 23 (9): 1565-

76.

. Maelfait J, Liverpool L, Bridgeman A, Ragan KB, Upton JW, Rehwinkel J. Sensing of

viral and endogenous RNA by ZBP1/DAI induces necroptosis. EMBO J. 2017; 36 (17):
2529-43.

Najafov A, Mookhtiar AK, Luu HS, Ordureau A, Pan H, Amin PP, Li Y, Lu Q, Yuan J.
TAM kinases promote necroptosis by regulating oligomerization of MLKL. Mol Cell.
2019; 75 (3): 457-68.

Wang H, Sun L, Su L, Rizo J, Liu L, Wang L, Wang F, Wang X. Mixed lineage kinase
domain-like protein MLKL causes necrotic membrane disruption upon phosphorylation by

RIP3. Mol Cell. 2014; 54: 133-46.

23



497

498

499

500

501

502

503

504

505

506

507

508

509

510

511

512

513

514

515

516

517

518

31.

32.

33.

34.

35

36.

37.

Chen X, Li W, Ren J, Huang D, He W, Song Y, Yang C, Li W, Zheng X, Chen P, Han J.
Translocation of mixed lineage kinase domain-like protein to plasma membrane leads to
necrotic cell death. Cell Res. 2014; 24: 105-21.

Alagbaoso CA, Osubor CC, Isikhuemhen OS. Protective effects of extract from sclerotium
of the king tuber medicinal mushroom, Pleurotus tuberregium (higher basidiomycetes) on
carbon tetrachloride-induced hepatotoxicity in Wistar albino rats. Int J] Med Mushrooms.
2015; 17 (12): 1137-43.

Jedinak A, Dudhgaonkar S, Wu Q, Simon J, Sliva D. Anti-inflammatory activity of edible
oyster mushroom is mediated through the inhibition of NF-kB and AP-1 signaling. Nutr J.
2011; 10: 52-61.

YanJ,Zhu L, QuY, Qu X, Mu M, Zhang M, Muneer G, Zhou Y, Sun L. Analyses of active
antioxidant polysaccharides from four edible mushrooms. Int J Biol Macromol. 2019; 123:

945-56.

. Yang C, Feng Q, Liao H, Yu X, Liu Y, Wang D. Anti-diabetic nephropathy activities of

polysaccharides obtained from Termitornyces albuminosus via regulation of NF-xB
signaling in db/db mice. Int J Mol Sci. 2019; 20 (20): 5205-23.

Sakaguchi K, Shirai Y, Itoh T, Mizuno M. Lentinan exerts its anti-inflammatory activity
by suppressing TNFR1 transfer to the surface of intestinal epithelial cells through dectin-1
in an in vitro and mice model. Immunome Res. 2018; 14: 165-75.

Wang X, Wang W, Wang L, Yu C, Zhang G, Zhu H, Wang C, Zhao S, Hu CA, Liu Y.
Lentinan modulates intestinal microbiota and enhances barrier integrity in a piglet model

challenged with lipopolysaccharide. Food Funct. 2019; 10 (1): 479-89.

24



519

520

521

522

523

524

525

526

527

528

529

530

531

532

533

534

535

536

537

538

539

540

38.

39.

40.

41.

42.

43.

44,

45

7Z1Y, Jiang B, He C, Liu L. Lentinan inhibits oxidative stress and inflammatory cytokine
production induced by benzo(a)pyrene in human keratinocytes. J Cosmet Dermatol. 2020;
19 (2): 502-7.

Ren G, Xu L, Lu T, Zhang Y, Wang Y, Yin J. Protective effects of lentinan on
lipopolysaccharide induced inflammatory response in intestine of juvenile taimen (Hucho
taimen, Pallas). Int. J. Biol. Macromol. 2019; 121: 317-25.

Liu Y, Zhao J, Zhao Y, Zong S, Tian Y, Chen S, Li M, Liu H, Zhang Q, Jing X, Sun B,
Wang H, Sun T, Yang C. Therapeutic effects of lentinan on inflammatory bowel disease
and colitis-associated cancer. J Cell Mol Med. 2019; 23 (2): 750-60.

Mizuno M, Morimoto M, Minato K, Tsuchida H. Polysaccharides from Agaricus blazei
stimulate lymphocyte T-cell subsets in mice. Biosci Biotechnol Biochem. 1998; 62 (3):
434-7.

Dubois M, Gilles K, Hamilton JK, Rebers PA, Smith F. A colorimetric method for the
determination of sugars. Nature. 1951; 168 (4265): 167.

Lowry OH, Rosebrough NH, Farr AL, Randall RJ. Protein measurement with the Folin
phenol reagent. J Biol Chem. 1951; 193 (1): 265-75.

Trakoolpolpruek T, Moonmangmee S, Chanput W. Structure-dependent immune
modulating activity of okra polysaccharide on THP-1 macrophages. Bioactive

Carbohydrates and Dietary Fibre. 2019; 17: 100173-8.

. Dong W, Zhang M, Zhu Y, Chen Y, Zhao X, Li R, Zhang L, Ye Z, Liang X. Protective

effect of NSA on intestinal epithelial cells in a necroptosis model. Oncotarget. 2017; 8 (49):

86726-35.

25



541

542

543

544

545

546

547

548

549

550

551

552

553

554

555

556

557

558

559

560

561

562

46.

47.

48.

49.

50.

51.

52.

53.

Lou X, Zhu H, Ning L, Li C, Li S, Du H, Zhou X, Xu G. EZH2 regulates intestinal
inflammation and necroptosis through the JNK signaling pathway in intestinal epithelial
cells. Dig Dis Sci. 2019; 64: 3518-27.

Chassaing B, Aitken JD, Malleshappa M, Vijay-Kumar M. Dextran sulfate sodium (DSS)-
induced colitis in mice. Curr Protoc Immunol. 2014; 104:15-25.

Jeengar MK, Thummuri D, Magnusson M, Naidu VGM, Uppugundur S. Uridine
ameliorates dextran sulfate sodium (DSS)-induced colitis in mice. Scientific Reports. 2017,
7:3924-33.

Shi N, Li N, Duan X, Niu H. Interaction between the gut microbiome and mucosal immune
system. Mil Med Res. 2017; 4: 14-20.

Sanchez de Medina F, Romero-Calvo I, Mascaraque C, Martinez-Augustin O. Intestinal
inflammation and mucosal barrier function. Inflamm Bowel Dis. 2014; 20 (12): 2394-404.
Zhang C, Luo Y, He Q, Liu S, He A, Yan J. A pan-RAF inhibitor LY3009120 inhibits
necroptosis by preventing phosphorylation of RIPK 1 and alleviates dextran sulfate sodium-
induced colitis. Clin Sci (Lond). 2019; 133 (8): 919-32.

Dondelinger Y, Delanghe T, Priem D, Wynosky-Dolfi MA, Sorobetea D, Rojas-Rivera D,
Giansanti P, Roelandt R, Gropengiesser J, Ruckdeschel K, Savvides SN, Heck AJR,
Vandenabeele P, Brodsky IE, Bertrand MJM. Serine 25 phosphorylation inhibits RIPK1
kinase-dependent cell death in models of infection and inflammation. Nature
Communications. 2019; 10: 1729-44.

Zhang X, Dowling JP, Zhang J. RIPK1 can mediate apoptosis in addition to necroptosis

during embryonic development. Cell Death and Disease. 2019; 10: 245-55.

26



563

564

565

566

567

568

569

570

571

572

573

574

575

576

577

578

579

580

581

582

583

584

54. Zhang X, Zhang H, Xu C, Li X, Li M, Wu X, Pu W, Zhou B, Wang H, Li D, Ding Q, Ying
H, Wang H, Zhang H. Ubiquitination of RIPK1 suppresses programmed cell death by
regulating RIPK 1 kinase activation during embryogenesis. Nature Communications. 2019;
10: 4158-72.

55. Najafov A, Chen H, Yuan J. Necroptosis and cancer. Trends Cancer. 2017; 3 (4): 294-301.

FIGURE LEGENDS

Fig. 1 Polysaccharides from L. edodes prevented colitis in mice. DSS (2.5%, w/v) was
administered to crude polysaccharides-treated mice for 7 days. (A) Body weight of mice
administered with crude polysaccharides from L. edodes. (B) Body weight of colitis mice treated
with crude polysaccharides from L. edodes. (C) Disease Activity index (DAI) of colitis mice
treated with polysaccharides from shiitake. (D, E) Colon length of colitis mice treated with L.
edodes polysaccharides. (F) DEAE-sepharose CL-6B column chromatographic separation of L.
edodes polysaccharides. Values are presented as Mean = SD (n = 4-5). *p < 0.05, **p <0.01, and

wx%p < 0,001,

Fig. 2 Anti-inflammatory activity of L. edodes polysaccharides is dependent on the carbohydrate-
rich fraction (LeP1). DSS (2.5%, w/v) was administered to polysaccharides (110 pg/mouse LeP1
or 365 pg/mouse LeP2)-treated mice for 7 days in drinking water. Mice were pre-treated with
LeP1 or LeP2 for 7 days before colitis induction and continued for 7 days during DSS
administration and an additional 3 days after DSS treatment. Also, DSS (2.5%, w/v) was

administered to deproteinated-polysaccharides pre-treated mice for 7 days before colitis induction
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and continued for 7 days during DSS administration and an additional 3 days after DSS treatment.
(A and B) Total carbohydrate and protein analysis of LeP1 and LeP2. (C) Body weight change of
colitis mice treated with LeP1 or LeP2. (D and E) Colon length of colitis mice treated with LeP1
or LeP2. The different doses administered were determined from their percentage yield after
chromatographic separation and lyophilization (LeP1:22% of 500 pg =110 pg, LeP2: 73% of 500
ug = 365 ug) to represent the equivalence of 500 pg/mouse crude polysaccharides previously
administered. (F) Carbohydrate and protein content of deproteinated polysaccharides from L.
edodes. (G) Body weight of colitis mice treated with deproteinated polysaccharides from L. edodes.
(H and I) Colon length of colitis mice treated with deproteinated polysaccharides from L. edodes.

Values are presented as Mean = SD (n = 3-4). *p <0.05 and **p <0.01.

Fig. 3 Anti-inflammatory activity of LeP1 from L. edodes against colitis is dose-dependent. Mice
were pre-treated with LeP1 (110, 200, or 300 pg/mL) for 7 days before colitis induction and
continued for 7 days during DSS administration and an additional 3 days after DSS treatment. (A)
Body weight change of colitis mice treated with different doses of LeP1. (B and C) Colon length
of colitis mice treated with different doses of LeP1. Values are presented as Mean + SD (n = 5).

*p < 0.05 and **p < 0.01.

Fig. 4 LeP1 from L. edodes suppressed necroptosis in mice in a dose-dependent manner. Mice
were administration with different doses of polysaccharides for 7 days prior to 2.5% DSS treatment
for 7 days with a co-administration of different doses of polysaccharides for 10 days. (A-B)

Western blot analysis of necroptosis marker, pMLKL, in the colon of mice treated with DSS +
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crude polysaccharides (500 pg/mouse), LeP1 (110 pg/mouse), and LeP2 (365 pg/mouse). (C-D)
Representative Western blot of the necroptosis marker, pMLKL, with anti-pMLKL antibody in
colon of mice treated with DSS + increasing doses of LeP1 (110, 200, or 300 pg/mouse). Values

are presented as mean = SD (n = 3). *p <0.05, **p <0.01.

Fig. 5 LeP1 from L. edodes inhibited necroptotic cell death in vitro. Caco-2 cells were treated with
50 uM zVAD (caspase inhibitor), 50 uM z VAD+20 uM Nec-1 (necroptosis inhibitor), or 50 uM
zVAD+200 pg/mL or 500 pg/mL of polysaccharides for 2 h prior to stimulation with 20 ng/mL
rthTNF-a or not for another 24 h. (A) Induction of cell death with increasing concentration of TNF-
a (20, 50, or 100 ng/mL) for 24 h. (B) Induction of necroptotic cell death with 20 ng/mL TNF-a +
50 uM zVAD. (C) Inhibition of necroptotic cell death (induced with 20 ng/mL TNF-a+50 uM
zVAD) with 20 uM Nec-1 or different doses of LeP1 (200 ug/mL or 500 pg/mL). (D) Inhibition
of TNF-induced cell death by LeP1 (Caco-2 cells were treated with 200 pg/mL or 500 pg/mL
polysaccharides for 2 h prior to stimulation with 100 ng/mL rthTNF-a or not for another 24 h). Cell
viability was determined by MTT assay. Values are presented as mean + SD (n = 3-4). *p < 0.05,

*%p < 0.01.
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FIGURE 3

110 -

§ 100

Y

2 90 -

© Kk

S e=fil= Control % %k

%o 80 1 —5=2.5%Dss

‘S e DSS+110 pg LeP1

i 70 - @=Om==DSS+200 pg LeP1

'g ey DSS+300 pg LeP1

o 60 4

2.5%DSS Water
50 y r ¥ T T T T T
0 1 2 3 4 5 6 7 8 9 10
Days
2.5% DSS - + + + +

110 pg LeP1 - - + - -
200 pg LeP1 - - - + -

300 pg LeP1 - - - +




Colon length (cm)
= N W b U1 O N 00 VO

0

%k

2.5% DSS
110 pg LeP1
200 pg LeP1
300 pg LeP1



FIGURE 4
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FIGURE 5
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