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CHAPTER 1 

 

General Introduction 

1.1. Intestinal epithelial cells and gut inflammation 

1.1.1.    The intestine and cellular damage 

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 [1, 2]. Ingested toxic environmental 

chemicals do not only affect the activities and composition of microbiota in the lumen, they also 

cause serious damage to intestinal epithelial cells [3-5]. 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 roles in maintaining the intestinal epithelial homeostasis [6]. 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 
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imbalance and systemic spread of microorganisms (sepsis) [7-10]. A compromised mucosal barrier 

consequently results in aberrant response of innate immune cells in lamina propria to microbiota 

and food substances, leading to increased secretion of proinflammatory cytokines and chronic 

intestinal inflammation [7, 11-13]. 

 

1.1.2.    Inflammatory bowel disease 

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

that is characterized by a chronic, relapsing inflammation of the gastrointestinal tract, with an 

increasing global incidence and prevalence [14, 15]. It affects people of all age groups, and 

negatively impacts on every aspect of lives of the victims [16, 17]. It is subdivided into ulcerative 

colitis (UC) and Crohn’s disease (CD). Crohn’s disease could affect both the small intestine and 

large intestine, and it is characterized by intermittent intestinal lesions, transmural inflammation, 

fistula, abdominal pain, diarrhea, weight loss, loss of appetite, and perianal lesion, while ulcerative 

colitis affects only the colon down to the rectum, and it’s characterized by continuous lesion, 

superficial inflammation, ulcer, severe abdominal pain, bloody diarrhea, weight loss, rectal 

bleeding, narrowed gut lumen, and shortened colon length [18-20]. There is currently no cure for 

the disease, and the pathogenesis is not completely understood [19]. 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 [21]. The 

scheme below (Fig. 1.1) illustrates the pathophysiological mechanism of IBD, as described by Li 

et al [22], Xavier and Podolsky [23], and Pierdomenico et al [24].  
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1.1.3.    Necroptotic and apoptotic cell deaths 

Necroptosis is a caspase-independent pro-inflammatory form of programmed cell death that is 

morphologically and mechanistically different from apoptosis [24]. Apoptosis could be initiated 

through one of two pathways, the extrinsic pathway and the intrinsic pathway. The extrinsic 

pathway is triggered by extracellular stimuli such as TNF-α and other ligands of tumor necrosis 

factor receptor superfamily, while intrinsic apoptosis is triggered by intracellular stimuli, such as 

DNA damage and cellular stress. The extrinsic pathway of apoptosis is mediated by the initiator 

caspase, caspase-8, which in turn directly activates the executor caspase, caspase-3. Caspase-8 

could also activate caspase-3 and -7 through caspase-9 activation via conversion of BID to tBID 

and activation of BAX and BAK which translocate into the mitochondria, leading to the release of 

cytochrome c from mitochondria intermembrane space [25]. Release of cytochrome c into the 

Fig. 1.1. Pathophysiological mechanism of inflammatory bowel disease 
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cytosol triggers caspase-3 and -7 (executor caspases) activation through the formation of 

cytochrome c/Apaf-1/caspase-9 apoptosome complex. In the same way, intrinsic apoptosis 

pathway is initiated through the release of cytochrome c, binding to Apaf-1, and leading to the 

activation of caspase-3 and -7 through apoptosome complex formation with caspase-9, hence 

intrinsic-mediated apoptosis is also termed cytochrome c-mediated apoptosis [25-27]. 

Necroptosis, on the other hand, is usually initiated by external stimuli, and it is an alternative path 

of cell death when apoptosis is inhibited. Necroptosis is 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, genetic deficiency, or pharmacologic inhibition of caspase-8, or by 

recognition of viral or endogenous RNA by Z-DNA/RNA binding protein 1 (ZBP1) [28-31]. 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 [30, 32]. 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 [33, 34]. Unlike apoptosis, necroptosis involves cell swelling, 

membrane rupture, and release of DAMPs (damage associated molecular patterns), while 

apoptosis involves cell shrinkage, membrane blebbing, formation of apoptotic bodies, DNA 

fragmentation, and chromatin condensation [35]. Apoptosis has been considered an 

immunologically silent and anti-inflammatory cell death, while necroptosis is known as a pro-

inflammatory cell death because upon membrane rupture, cellular contents are released into the 

microenvironment of cells which in turn trigger immune reactions. Apoptosis, on the other hand, 

does not involve the release of cellular contents which are held intact within the apoptotic bodies 
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and phagocytosed by phagocytic cells like macrophages [35]. Recent reports have suggested that 

necroptosis is actively involved in the etiology, pathogenesis, and progression of IBD and other 

inflammatory conditions [24, 36, 37], and inhibitors of necroptosis have shown promising clinical 

results in the treatment of inflammatory diseases. Therefore, it is important to search for natural 

sources of therapeutic agents against necroptotic cell death that may be of clinical benefits in the 

treatment of IBD. 

 

1.1.4.    Edible mushrooms 

Edible mushrooms have long served as a source of food and medicinal compounds in many parts 

of the world, ranging from America, Asia, Europe, and Africa. The health benefits attributed to 

mushrooms includes, anti-allergic, antiviral, antidiabetic, antioxidant activity, anti-cancer activity, 

anti-ageing, cholesterol-lowering activity, anti-bacteria, anti-fungal, and anti-inflammatory 

activity [38-41]. Perhaps, one of the prominent components of edible mushrooms which has 

attracted significant attention, is a group of bioactive polysaccharides known as β-glucans. Many 

studies have reported that β-glucans, such as lentinan (a β-1,3;1,6-glucan, derived from Lentinula 

edodes), is able to suppress intestinal inflammation by modulating the activities of microbiota and 

reducing the expression of pro-inflammatory cytokines, such as TNF-α, IL-8, IL-1β, IFN-γ, and 

IL-6 through binding to dectin-1 [42, 43].  
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                                      Fig. 1.2. Shiitake mushroom (Lentinula edodes) 

Dectin-1 is a C-type lectin-like type II membrane protein, which recognizes β-glucans found on 

the surface of bacteria and fungi including yeast and mushrooms. Dectin-1 is expressed on the cell 

surface of IECs and innate immune cells, such as macrophages, dendritic cells, and neutrophils. 

Ingested β-glucans are capable of inducing immune reactions or immune enhancement through 

binding to dectin-1 expressed on the surface of IECs [19]. However, some studies have shown that 

not all β-glucans are capable of activating dectin-1, and perhaps what confers glucans the ability 

to bind and activate dectin-1 is the presence of β-1,3- and more strongly with β-1,6 branch [42]. 

Researchers have not yet been able to determine the precise oligosaccharide moiety which 

specifically binds to dectin-1 to trigger the immune reactions [42-47]. Furthermore, the anti-

inflammatory activity of lentinan has been attributed to its ability to induce internalization of 

TNFR1 or prevent its expression on the surface of intestinal epithelia cells through binding to 

dectin-1 [19, 43]. 

This study investigated the effect of polysaccharides from Lentinula edodes on ulcerative colitis 

and its impact on ulcerative colitis-associated necroptotic cell death. In Chapter 2, polysaccharides 
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from Lentinula edodes was orally administered to colitis mice to investigate whether the 

polysaccharide sample inhibited ulcerative colitis. The polysaccharide sample showed inhibitory 

activity against ulcerative colitis. This inhibitory activity was dependent on its carbohydrate-rich 

fraction. The anti-colitis activity of the polysaccharide was not abolished after deproteination, 

which indicated that the anti-inflammatory activity was independent of the protein content. It was 

also observed that the carbohydrate-rich fraction of the polysaccharides prevented ulcerative colitis 

in a dose-dependent manner.  

Different strains of Lentinula edodes are known to exist, and some studies have reported that 

physiological activities of medicinal herbs could be strain-dependent [48]. In Chapter 3, the anti-

inflammatory activity of polysaccharides from different strains of Lentinula edodes was 

investigated by oral administration of crude polysaccharide samples to colitis mice. the It was 

observed that polysaccharides from different strains of Lentinula edodes exhibited differential anti-

inflammatory activity against ulcerative colitis. Chromatographic separation of crude 

polysaccharide samples from different strains showed differential elution profile patterns with 

different peaks, suggesting that the anti-inflammatory activities of the crude polysaccharides may 

be strain-dependent. 

In Chapter 4, the effect of polysaccharides from Lentinula edodes against necroptosis, a regulated 

pro-inflammatory form of cell death, was investigated using mice and in vitro models of 

necroptosis. The results indicated that the polysaccharide sample inhibited necroptotic cell death 

in the colon of ulcerative colitis mice by suppressing the phosphorylation level of MLKL, pMLKL, 

a necroptosis executor protein. Furthermore, the results of in vitro necroptosis experiments 

indicated that the polysaccharide sample prevented necroptotic cell death in intestinal epithelial 

cells line, Caco-2 cells. Recent reports have shown that inhibitors of necroptosis or knockout of 
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the necroptosis executor, MLKL, prevented the increased expression of inflammatory cytokines, 

indicating that necroptotic signaling molecules induced the expression of inflammatory cytokines 

[49, 50]. Therefore, the results in Chapter 5 indicated that orally administered polysaccharides 

from Lentinula edodes suppressed expression of pro-inflammatory cytokines, TNF-α, IL-6, IL-1β, 

and IFN-γ and CCL-2 chemokine in the colon of ulcerative colitis mice. Also, the polysaccharide 

suppressed up-regulation of IL-8 in Caco-2 cells undergoing necroptosis, suggesting that 

necroptosis mediated the increase of IL-8 expression. It was also demonstrated that the anti-

necroptosis activity of the polysaccharide was independent of its effects on TNFR1 expression. 

These results, taken together, suggested that the anti-inflammatory activity of polysaccharide from 

Lentinula edodes against ulcerative colitis is partly dependent on its ability to inhibit necroptotic 

cell death. 
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CHAPTER 2 

 

Inhibitory Effect of Polysaccharides from Lentinula edodes (shiitake) 

against Ulcerative Colitis 

 

2.1. Introduction 

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 increasing 

global incidence and prevalence [14, 15]. It affects people of all age groups, and negatively impacts 

on every aspect of lives of the victims [16, 17]. It is subdivided into ulcerative colitis (UC) and 

Crohn’s disease (CD). Crohn’s disease could affect both the small intestine and large intestine, 

and it is characterized by intermittent intestinal lesions, transmural inflammation, fistula, 

abdominal pain, diarrhea, weight loss, and perianal lesion, while ulcerative colitis affects only the 

colon down to the rectum, and it is characterized by continuous lesion, superficial inflammation, 

ulcer, severe abdominal pain, bloody diarrhea, loss of appetite, weight loss, rectal bleeding, 

narrowed gut lumen, and shortened colon length [18-20]. There is currently no cure for the disease, 

and the pathogenesis is not completely understood [19]. 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 [20]. 
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Edible mushrooms have long served as a source of food and medicinal compounds in many parts 

of the world, ranging from America, Asia, Europe, and Africa. The health benefits attributed to 

mushrooms includes, anti-allergic, antiviral, antidiabetic, antioxidant activity, anti-cancer activity, 

anti-ageing, cholesterol-lowering activity, anti-bacteria, anti-fungal, and anti-inflammatory 

activity. Many of the beneficial health effects derived from mushrooms are triggered by their 

polysaccharide contents [38-46]. 

In this Chapter, the inhibitory effect of polysaccharides extracted from an edible mushroom, 

Lentinula edodes, on ulcerative colitis was investigated. 

 

2.2. Materials and Methods 

2.2.1. Materials 

Dextran sodium sulphate (DSS, 36,000-50,000 Da) was purchased from MP Biomedicals 

(Canada). DEAE-sepharose CL-6B was purchased from GE Healthcare Bio-sciences AB 

(Sweden). Lentinula edodes (shiitake) was gifted by a mushrooms cultivation company in japan. 

Every other chemicals and reagents were standard guaranteed commercial products. 

 

2.2.2. Extraction of polysaccharides from Lentinula edodes  

Fresh fruiting bodies of Lentinula edodes were graciously gifted by a mushroom cultivation 

company in Japan (Hokuto Kinoku), and we carried out polysaccharides’ extraction according to 

the method of Mizuno et al [51] with little modifications. Briefly, the fresh mushroom samples 

(fruiting body) were pulverized in liquid nitrogen using an Ace homogenizer (AM_7, Nihonseiki 
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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 ºC 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 100% ethanol and centrifuged 

again at 3500 rpm, 4 °C for 20 min.  Pellet was dissolved in distilled water and lyophilized to 

obtain the dried crude polysaccharides used for this study. 

 

Fig. 2.1. Hot-water extraction and precipitation of crude polysaccharides from edible 

mushrooms 
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2.2.3. Chromatographic separation of polysaccharides samples 

Anion exchange column chromatographic technique was used to separate the polysaccharides 

obtained from Lentinula edodes. We carried out the separation according to the method reported 

in Muhidinov et al [52]. Briefly, a slurry of DEAE-sepharose CL-6B in distilled water was packed 

in a column (2.4 cm × 18 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 polysaccharide sample. The sample was eluted in a step wise 

manner with 200 mL of NaCl solution of increasing ionic strength (0.0 M, 0.5 M, and 1.0 M) at a 

flow rate of 1 mL/min, and eluate collected at 10ml/tube. Total carbohydrate content of the eluate 

in each tube was monitored at 490 nm using the phenol-sulfuric acid method [53]. The same peak 

fractions were pooled and dialyzed for 24 h in distilled water and lyophilized, and the two different 

fractions, fraction 1 (eluted with 0.0 M NaCl solution) and fraction 2 (eluted with 0.5 M NaCl 

solution) were labeled LeP1 and LeP2 respectively as shown in Fig. 2.3.A. The dried 

polysaccharides were stored at 4 ºC for subsequent use. 

 

2.2.4. Total carbohydrate content determination 

We used the phenol-sulfuric acid method [53] to determine the total carbohydrate content of the 

polysaccharides. 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 ºC). Absorbance was measured using a microplate reader (SH-

9000, Corona electric, Japan) at 490 nm. D-glucose (0-100 µg/mL) was used as standard to 

calculate the total carbohydrate content. 
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2.2.5. Total protein content determination 

The Lowry’s method [54] was used to carry out the total protein content of the polysaccharides 

with some modifications. Briefly, 0.2 mL of sample was mixed with 1 mL of Lowry’s solution, 

vortexed, and incubated at 25-30 ºC for 15 min, followed by addition of 100 µL of 1 N Folin’s 

phenol reagent (prepared fresh), vortexed, and incubated at 25-30 ºC 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 Na2CO3 in water) and solution B 

(10 mg/mL of Potassium Sodium Tartrate and 5mg/mL CuSO4 in water) in 50:1 ratio. 

 

2.2.6. Deproteination of polysaccharides sample 

Polysaccharides sample was deproteinated with trichloroacetic acid (TCA) according to the 

method of Trakoolpolpruek et al [55]. Briefly, 2mg/mL of polysaccharides was mixed with 20% 

TCA final concentration and stored at 4 ºC 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. Polysaccharide was precipitated by adding three-

fold of 100% ethanol overnight at 4 ºC. Precipitate was recovered by centrifugation at 3500 rpm 

for 20 min, washed with 100% ethanol, and lyophilized. 
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2.2.7. 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 ºC, 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. 

 

2.2.8. Ulcerative colitis induction 

Eight-weeks old female C57BL/6 mice were used for this experiment. DSS (dextran sulfate 

sodium: 36,000-50,000 Da) (2.5%, w/v), in drinking water (ad libitum), was used to induce 

ulcerative colitis in mice for 7 days according to the method described by Nishitani et al [19]. 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 

(Initial body weight at day 0 is taken as 100% (no body weight change), below 100% (body weight 

loss), and above 100% (body weight gain)) and mice were sacrificed by cervical dislocation at the 

end of treatment/administration. Colon tissues were excised and the lengths were measured as a 

marker for ulcerative colitis. The disease activity index (DAI), which indicate the severity of 

colitis, was determined according to the method shown in Jeengar et al [56] as shown in table 2.1. 
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Weight Loss Stool consistency Hemoccult 

Range Score Criteria Score Criteria Score 

None 0 Well-formed pellets 0 Negative 0 

1-5% 1     

5-10% 2 Loose stool 2 Positive 2 

10-20% 3     

>20% 4 Diarrhea 4 Gross bleeding 4 

Table 2.1. Criteria for DAI scoring. The values are calculated as the sum of the scores for weight 

loss, stool consistency, and blood in feces. 

 

2.2.9. Statistical analysis 

All data are expressed as means ± SD. Statistical analysis was performed by Tukey-Kramer and 

two-tailed standard t tests. Statistical significance was defined as *p < 0.05 and **p < 0.01. 

 

2.3. Results 

2.3.1. Polysaccharides from Lentinula edodes suppressed colitis in mice 

To investigate the effect of polysaccharides extracted from Lentinula 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 [57] In this study, mice treated with DSS developed ulcerative colitis 
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with loss in body weight, bloody diarrhea, and shortened colon length. However, in contrast to 

DSS-treated mice, oral administration of 500 µg/mouse polysaccharides extracts from L. edodes 

(which showed no sign of toxicity to mice, Fig. 2.2.A) significantly prevented colon length 

shortening (Fig. 2.2.D and E) and suppressed the severity of the disease in mice as shown by the 

disease activity index (DAI) (Fig. 2.2.C). DAI score indicates the severity of colitis, and was 

determined according to the method of Jeengar et al [56]. There was no significant difference in 

body weight of DSS-treated mice and mice orally administered with polysaccharides extracts (Fig. 

2.2.B). These results suggested that polysaccharides from Lentinula edodes possessed inhibitory 

activity against ulcerative colitis in mice. 
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Fig. 2.2. Polysaccharides from L. edodes prevented colitis in mice. DSS (2.5%, w/v) was 

administered to mice treated with 500 µg crude polysaccharides orally for 7 days. (A) Body weight 

of mice administered with crude polysaccharides from Lentinula edodes. (B) Body weight of 

colitis mice treated with crude polysaccharides from Lentinula 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 polysaccharide. Values are expressed as Mean ± SD (n = 4-5). *p < 

0.05, **p < 0.01, and ***p < 0.001. 

 

D

 

 

  

E
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2.2.2. Anti-inflammatory activity of L. edodes polysaccharides is dependent on the 

carbohydrate-rich component.  

The results above on polysaccharides from L. edodes indicated that it possessed anti-inflammatory 

properties against colitis in mice (Fig. 2.2 C-E), and chromatographic separation of the 

polysaccharides using DEAE-sepharose CL-6B suggested that it contained two different 

polysaccharides, LeP1 (fraction 1, eluted with 0.0 M NaCl solution) and LeP2 (fraction 2, eluted 

with 0.5 M NaCl solution) (Fig. 2.3.A). Carbohydrate and protein contents of LeP1 and LeP2 were 

carried out by phenol-sulfuric acid method and Lowry’s method respectively. The result in Fig. 

2.2B and C, indicated that LeP1 is a carbohydrate-rich component while LeP2 is a protein-rich 

component. In order to determine the component which exerted the anti-inflammatory activity 

above, colitis was again induced in C57BL/6 mice administered with LeP1 or LeP2 using 2.5% 

DSS for seven (7) days. Both LeP1and LeP2 were unable to significantly prevent body weight loss 

in mice (Fig. 2.3D), but 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. 2.3E and F). Taken together, these data demonstrated that the anti-

inflammatory activity of Lentinula edodes polysaccharides is majorly dependent on the 

carbohydrate-rich component.  
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Fig. 2.3. Anti-inflammatory activity of L. edodes polysaccharides is dependent on the 

carbohydrate-rich component (LeP1). DSS (2.5%, w/v) was administered to polysaccharides 

(110 µg/mouse LeP1 or 365 µg/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. (A) DEAE-sepharose CL-6B 

column chromatographic separation of Lentinula edodes polysaccharides showing two peaks, 

LeP1 and LeP2. (B and C) Total carbohydrate and protein analysis of LeP1 and LeP2. (D) Body 

weight change of colitis mice treated with LeP1 or LeP2. (E and F) 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 µg = 110 

µg, LeP2: 73% of 500 µg = 365 µg) to represent the equivalent of 500 µg/mouse crude 

polysaccharides previously administered. Values are expressed as Mean ± SD (n = 4-5). *p < 0.05 

and **p < 0.01. 

 

2.2.3. Deproteination did not abolish the anti-inflammatory activity of polysaccharides from 

Lentinula edodes. 

In order to further determine whether the anti-inflammatory activity of the polysaccharide sample 

depended on the carbohydrate-rich component by using another method, the crude polysaccharide 
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sample was deproteinated with 20% TCA final concentration overnight at 4 ºC (Fig. 2.4.A). The 

deproteinated polysaccharides (500 µg/mouse), named DP-Polys, was administered to DSS-

induced ulcerative colitis mice for 7 days. The results obtained (Fig. 2.4.B-C) indicated that 

deproteinated polysaccharides suppressed ulcerative colitis in mice, as shown in the colon length, 

which suggested that the anti-inflammatory activity of the polysaccharide sample was independent 

of the protein content. Therefore, taken together with results in Fig 2.3., these data demonstrated 

that the carbohydrate-rich component of the polysaccharides sample was responsible for its anti-

inflammatory activity. 
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Fig. 2.4. Anti-inflammatory activity of polysaccharides from Lentinula edodes is independent 

of the protein content. DSS (2.5%, w/v) was administered to mice pre-treated with deproteinated 

polysaccharides (DP-Polys) (500 µg/mouse) for 7 days before colitis induction and continued for 

7 days during DSS administration and an additional 3 days after DSS treatment. (A) Protein content 

of deproteinated polysaccharides from L. edodes. (B) Body weight of colitis mice treated with 

deproteinated polysaccharides from L. edodes. (C and D) Colon length of colitis mice treated with 

deproteinated polysaccharides from L. edodes. Values are expressed as Mean ± SD (n = 4-5). *p 

< 0.05 and **p < 0.01. 

 

2.2.4. Anti-inflammatory activity of LeP1 from L. edodes is dose-dependent.  

The results in Fig. 2.3. 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 administered dose. Ulcerative colitis mice 

were treated with different doses of LeP1 (110, 200, and 300 µg/mouse). It was observed that the 

ability of LeP1 to suppress body weight loss of colitis mice was dose-dependent (Fig. 2.5.A). 

Furthermore, shortening of colon length in colitis mice was significantly prevented, in a dose-

dependent manner with the treatment of LeP1 (Fig. 2.5.B and C). These data suggested that the 

anti-inflammatory activity of LeP1 against ulcerative colitis is dose-dependent. 
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Fig. 2.5. Anti-inflammatory activity of LeP1 from L. edodes against colitis is dose-dependent. 

Mice were pre-treated with LeP1 (110, 200, or 300 µg/mouse) for 7 days before colitis induction 

with 2.5% (w/v) DSS and continued for 7 days during colitis induction 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 ulcerative colitis mice treated with different doses of LeP1. Values are 

expressed as Mean ± SD (n = 4). *p < 0.05 and **p < 0.01. 

 

2.4. Discussion 

The incidence of inflammatory bowel disease has continued to increase worldwide, such that it 

has become a global concern. The pathogenesis is not yet fully understood, and there is no cure 

for the disease yet [19]. Even though some pharmaceutical drugs, such as anti-TNF-α agents (e.g. 

infliximab), aminosalicylates (e.g. sulfasalazine: 5-aminosalicylic acid), corticosteroids (e.g. 

prednisolone and budesonide), immunosuppressors (e.g. azathioprine, methotrexate, and 

cyclosporin), and antibiotics (e.g. metronidazole, ciprofloxacin, and rifaximin) are currently been 

used to manage inflammatory bowel disease, a serious adverse side effects results from their use, 
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which in some cases are life threatening than the disease itself [58]. Therefore, it is imperative to 

search for a more effective treatment with little or no adverse side effect. 

Mushrooms have long served as a useful source of medicine. Medicinal compounds derived from 

mushrooms range from polysaccharides, proteins, polyphenols, terpenoids, flavonoids, and 

alkaloids. Recent reports have indicated that these compounds exerted beneficial health effects in 

both in vivo and in vitro studies. The results of this study are in agreement with other reports on 

the health effects of mushrooms [42-45].  

In this study, crude polysaccharides derived from an edible mushroom, Lentinula edodes, was 

administered to ulcerative colitis mice to investigate its anti-inflammatory properties, and the data 

obtained indicated that the crude polysaccharide significantly prevented ulcerative colitis in mice 

(Fig. 2.2-2.4).  

The results in Fig 2.3 and Fig. 2.4 indicated that the active component of the polysaccharides is 

the carbohydrate-rich fraction (LeP1). Moreover, we demonstrated that deproteination of the 

polysaccharides did not abolish the anti-inflammatory activity, thereby indicating that the anti-

inflammatory activity was independent of the protein content (Fig. 2.4). These data are in 

agreement with the reports of Nishitani et al [19] who demonstrated that lentinan, a β-1,3:1,6-

glucan, extracted from Lentinula edodes, suppressed ulcerative colitis in mice by inhibiting the 

expression of pro-inflammatory cytokines such as TNF-α, IFN-γ, IL-6, and IL-1β. Furthermore, 

we demonstrated that the anti-inflammatory activity of the polysaccharides was dose-dependent 

(Fig. 2.5), which also is in agreement with the reports of other studies [19, 43]. These data indicated 

that the carbohydrate-rich fraction (LeP1) of Lentinula edodes polysaccharides prevented 

ulcerative colitis in mice in a dose-dependent manner, and that these effects are independent of the 
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protein content. Therefore, these results suggested that dietary intake of Lentinula edodes by the 

victims of ulcerative colitis could be useful in managing the disease condition.    
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CHAPTER 3 

 

Differential Activity of Polysaccharides from Strains of Lentinula 

edodes against Ulcerative Colitis 

 

3.1. Introduction 

The structure, bioactivity, and molecular weight of bioactive compounds in bacteria and fungi have 

been reported to be affected by their growth media composition. Studies have shown that the 

structures of bioactive compounds in mushrooms and bacteria could be manipulated by altering 

the percentage of some of the components of the growth media, or by adding some specific 

molecules into the growth media which in turn are incorporated into the structure their bioactive 

compounds during synthesis [59]. Furthermore, the report of Enman et al indicated that different 

strains of Lentinula edodes possessed different bioactive compounds [48], and the structural 

features of Ganoderma lucidum was reported to be influenced by growth media compositions [59]. 

The physiological properties of polysaccharides are dependent on the primary structure, solubility, 

degree of branching, molecular weight, charge of polymer, and structure in aqueous media [60]. 

Recent studies have shown that not all polysaccharides from mushrooms are capable of modulating 

the immune system [51]. Perhaps what confers glucans from mushrooms the ability to modulate 

the immune system by binding to dectin-1 is the presence of β-1,3- glycosidic linkages and more 

strongly with β-1,6 branches [61, 62]. Researchers have not yet been able to determine the precise 

oligosaccharide moiety which specifically binds to dectin-1 to trigger the immune reactions, and 

when this is eventually elucidated, it will perhaps open up a brand-new area of research. 
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In this chapter, the anti-inflammatory activity of polysaccharides from two other strains of 

Lentinula edodes against ulcerative colitis was investigated in order to ascertain whether 

polysaccharides from different strains exerted similar physiological activity. 

 

3.2. Materials and Methods 

3.2.1. Materials and reagents 

Dextran sodium sulphate (DSS, 36,000-50,000 Da) was purchased from MP Biomedicals 

(Canada). DEAE-sepharose CL-6B was purchased from GE Healthcare Bio-sciences AB 

(Sweden). Two strains of Lentinula edodes (shiitake), named LeA and LeB, were gifted by two 

different mushrooms cultivation companies in japan. Every other chemicals and reagents were 

standard guaranteed commercial products. 

 

3.2.2. Extraction of polysaccharides from strains of Lentinula edodes 

Crude polysaccharides were extracted from the fruiting bodies of two strains of Lentinula edodes 

(LeA and LeB) according to the method outlined in chapter 2. Crude polysaccharides extract from 

the two strains were labeled LeAP and LeBP respectively. 

 

3.2.3. Induction of ulcerative colitis 

Mice were purchased and bred as described in chapter 2. Prior to ulcerative colitis induction with 

2.5% DSS (w/v) in drinking water, mice were orally administered with 500 µg/mouse of each of 
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the polysaccharide samples prepared in section 3.2.2. Polysaccharide sample from previous strain 

of Lentinula edodes used in chapter 2 (Le) served as the positive control. Body weights of mice 

were recorded daily and colon lengths were measured after mice sacrifice. 

3.2.4. Chromatographic separations of LeAP and LeBP 

Crude polysaccharides samples (LeAP and LeBP) from two strains of Lentinula edodes (LeA and 

LeB) respectively, were subjected to anion column chromatographic separation using DEAE-

sepharose CL-6B resin according to the method reported in Muhidinov et al [51] as outlined in 

chapter 2. Separation of LeAP resulted in two fractions named LeAP1 (fraction 1: eluted with 0.0 

M NaCl solution) and LeAP2 (fraction 2: eluted with 0.5 M NaCl solution), while separation of 

LeBP resulted in three fractions named LeBP1 (fraction 1: eluted with 0.0 M NaCl solution), 

LeBP2 (fraction 2: eluted with 0.5 M NaCl solution), and LeBP3 (fraction 3: eluted with 1.0 M 

NaCl solution) as shown in Fig. 3.4.  

3.2.5. Statistical analysis 

All data are expressed as means ± SD. Statistical analysis was performed by Tukey-Kramer and 

two-tailed standard t tests. Statistical significance was defined as *p < 0.05 and **p < 0.01. 

 

3.3. Results 

3.3.1. Morphological appearance and polysaccharide yield of LeA and LeB are different 

Fruiting bodies of the two strains of Lentinula edodes (LeA and LeB) appeared morphologically 

different, in color, texture, and size, which indicated some forms of genetic differences in the 

mushrooms which resulted in altered morphology (Fig. 3.1 A and B). Furthermore, upon hot water 

Chapter 3 



33 
 

extraction, the polysaccharide yield of the strains was different, with LeB having the highest yield 

as seen in Fig. 3.1 C. 

 

                                     

 

                                     

Fig. 3.1. Different appearance of strains of Lentinula edodes. (A) Fruit bodies of strain LeA. 

(B) Fruit bodies of strain LeB. (C) Crude polysaccharides yield of hot water extraction from LeA 

and LeB. 

 

3.3.2. Crude polysaccharides from LeA prevented ulcerative colitis in mice 

To investigate the anti-inflammatory activity of crude polysaccharides (LeAP) from LeA and 

compare with previous strain of Lentinula edodes in chapter2, LeAP (500 µg/muse) was orally 

Lentinula edodes (LeA) Lentinula edodes (LeB) 
A B 

C 
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administered to ulcerative colitis mice. The results obtained indicated that LeAP significantly 

prevented DSS-induced colitis in mice, as seen in the colon length (Fig. 3.2. B and C) and also in 

the body weight (Fig. 3.2. A). These data suggested that LeAP possessed anti-inflammatory 

activity against ulcerative colitis comparable to the activity exerted by the crude polysaccharides 

from previous strain of Lentinula edodes (positive control) in chapter 2. 
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Fig. 3.2. Crude polysaccharides (LeAP) from Lentinula edodes strain LeA suppressed 

ulcerative colitis. Crude polysaccharides (LeAP: 500 µg/mouse) was administered to mice prior 

to colitis induction (with 2.5% DSS (w/v) in drinking water) for 7 days and during colitis induction 

for another 7 days, followed by additional 3 days of administration. (A) Body weight of colitis 

mice treated with LeAP. (B and C) Colon length of colitis mice treated with LeAP. Values are 

expressed as Mean ± SD (n = 5). *p < 0.05 and **p < 0.01. 

 

3.3.3. Crude polysaccharides (LeBP) from Lentinula edodes strain LeB failed to prevent 

ulcerative colitis  

To investigate the anti-inflammatory activity of crude polysaccharides (LeBP) from strain LeB of 

Lentinula edodes, 500 µg/mouse of LeBP was orally administered to DSS-induced ulcerative 

colitis mice for 7 days. The results obtained indicated that LeBP did not prevent ulcerative colitis 

in mice. The data indicated that LeBP was unable to prevent DSS-induced body weight loss and 

colon shortening in mice (Fig. 3.3. A-C), which suggested that LeBP did not possess anti-

inflammatory ability against ulcerative colitis. These data are different from the results obtained 

with crude polysaccharides extract from Lentinula edodes strain used in chapter 2 (LeP, positive 
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control) and LeA (LeAP: Fig. 3.2), which suggested that the anti-inflammatory activity may be 

strain-dependent. 
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Fig. 3.3. Crude polysaccharides (LeBP) from Lentinula edodes strain LeB Failed to inhibit 

ulcerative colitis. Crude polysaccharides (LeBP: 500 µg/mouse) was administered to mice prior 

to ulcerative colitis induction (with 2.5% DSS (w/v) in drinking water) for 7 days and during colitis 

induction for another 7 days, followed by additional 3 days of administration. (A) Body weight of 

colitis mice treated with LeBP. (B and C) Colon length of colitis mice treated with LeBP. Crude 

polysaccharides from previous strain of L. edodes (chapter 2) that possessed anti-inflammatory 

activity was used as the positive control. Values are expressed as Mean ± SD (n = 4). *p < 0.05 

and **p < 0.01. 

 

3.3.4. Chromatographic separation of crude polysaccharides, LeAP and LeBP, showed different 

elution peaks 

To further investigate the reason for the differential anti-inflammatory activity exhibited by crude 

polysaccharides from the different strains of Lentinula edodes, the polysaccharides were subjected 

to DEAE-sepharose CL-6B column chromatographic separation. The results obtained indicated 

that the elution profiles of the crude polysaccharides, LeAP and LeBP, from the two strains 

appeared different. The elution profile of LeAP showed two peaks (Fig. 3.4. A), while the elution 
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profile of LeBP showed three peaks (Fig. 3.4. B). These data suggested that the two strains of 

Lentinula edodes, LeA and LeB, may possess polysaccharides that are not similar. 

 

                         

 

                         

Fig. 3.4. Differential elution profiles of crude polysaccharides from strains of Lentinula 

edodes. Crude polysaccharides, LeAP and LeBP, were separated using DEAE-sepharose CL-6B 

column chromatography. NaCl solution of increasing ionic strength (0.0, 0.5, and 1.0 M) was used 

to elute the column. (A) Elution profile of LeAP showing two peaks (fractions LeAP1 (fraction 1) 

A 

B 
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and LeAP2 (fraction 2)). (B) Elution profile of LeBP showing three peaks (fractions LeBP1 

(fraction 1), LeBP2 (fraction 2), and LeBP3 (fraction 3)). 

 

 

3.4. Discussion 

The physiological properties of polysaccharides are dependent on the primary structure, solubility, 

degree of branching, molecular weight, charge of polymer, and structure in aqueous media [60]. 

A report by Enman et al [48] indicated that strains of Lentinula edodes possessed different 

bioactive compounds. 

Physical observation of two strains of Lentinula edodes, indicated that the morphological features 

appeared different, and the polysaccharides yield from hot water extraction of the mushrooms was 

equally different (Fig. 3.1). The two strains looked different in their color, texture, and size. These 

observations suggested that there may be some differential genetic alterations which may have 

accounted for their different appearances. ` 

To investigate whether polysaccharides from the different strains exerted similar activity against 

ulcerative colitis, colitis mice were orally administered with the different polysaccharides, LeAP 

and LeBP (Fig. 3.2 and Fig. 3.3). The result obtained indicated that LeAP prevented ulcerative 

colitis but LeBP did not, suggesting that the two strains may possess different kinds of 

polysaccharides. The results obtained with LeAP is comparable to results obtained with previous 

strain of Lentinula edodes (chapter 2). These data suggested that the anti-inflammatory activity 

may be dependent on the strain. 

Furthermore, chromatographic separation of the crude polysaccharides showed elution profiles 

which appeared different with LeAP showing two peaks while LeBP showed three peaks. This is 
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an indication that the polysaccharides in the two strains may have some difference in their 

structural features, although more structural studies are needed to clarify this observation. 

Therefore, this study demonstrated that the anti-inflammatory activity of polysaccharides from 

Lentinula edodes may be dependent on the strain. 
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CHAPTER 4 

 

Anti-necroptosis Activity of Polysaccharide from Lentinula edodes 

 

4.1. Introduction 

Necroptosis is a newly described form of pro-inflammatory necrotic cell death, which has been 

implicated in the pathogenesis of IBD, and it is actively involved in colitis and other inflammatory 

disease conditions [24, 36, 37]. It is a caspase-independent immunogenic form of programmed cell 

death [24]. It is morphologically and mechanistically different from apoptosis, because unlike 

apoptosis, necroptosis involves cell swelling, membrane rupture, and release of DAMPs (damage 

associated molecular patterns), while apoptosis involves cell shrinkage, membrane blebbing, 

formation of apoptotic bodies, DNA fragmentation, and chromatin condensation [63]. Apoptosis 

has been considered an immunologically silent and anti-inflammatory cell death, while necroptosis 

is known as a pro-inflammatory cell death because upon membrane rupture, cellular contents are 

released into the microenvironment of cells which in turn trigger immune reactions. Apoptosis, on 

the other hand, does not involve the release of cellular contents which are held intact within the 

apoptotic bodies and phagocytosed by phagocytic cells like macrophages [37].  

Necroptosis 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 
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caspase-8, or by recognition of viral or endogenous RNA by Z-DNA/RNA binding protein 1 

(ZBP1) [28-31]. 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 [30, 32]. 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 [33, 34]. Recent studies 

have shown that mice developed spontaneous intestinal inflammation upon conditional knockout 

of caspase-8 or FADD, but were rescued with deletion of RIPK3 or MLKL [64-66]. The 

expression level of caspase-8 has been reported to be significantly reduced in the colon of IBD 

patients [36, 67]. These reports suggested that necroptosis played important role in the 

pathogenesis of IBD. Therefore, in this study, the involvement of necroptosis in ulcerative colitis 

was determined and the effect of polysaccharide from Lentinula edodes on necroptotic cell death 

was investigated using both in vivo and in vitro models.  

 

4.2. Materials and Methods 

4.2.1. Reagents 

Dextran sodium sulphate (DSS, 36,000-50,000 Da) 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) respectively. FBS (fetal 
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bovine serum) was purchased from Biological Industries (Beit, Israel). Recombinant human tumor 

necrosis factor-α (rhTNF-α) was purchased from PeproTech (Rocky Hill, NJ, USA). Necrostatin-

1 (Nec-1) and zVAD-fmk (pan-caspase inhibitor) were purchased from Abcam (ab141053) and 

Selleck (Tokyo, Japan) respectively. MTT was purchased from Nacalai Tesque (Kyoto, Japan), 

mouse anti-β-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. 

 

4.2.2. Extraction of polysaccharides from Lentinula edodes 

Crude polysaccharides used for this study was obtained from the powdery fruit bodies of Lentinula 

edodes by hot water extraction and ethanol precipitation as described in section 2.2.2 of chapter 2. 

 

4.2.3. Chromatographic separation of crude polysaccharides  

Crude polysaccharide was separated using DEAE-sepharose CL-6B column chromatography as 

described in section 2.2.3 of chapter 2. The two fractions obtained were named LeP1 and LeP2. 

 

4.2.4. Colitis-associated necroptosis induction 

Mice were purchased and bred as described in chapter 2. Colitis-associated necroptosis was 

induced in mice using 2.5% of DSS (w/v) in drinking water for 7 days. Polysaccharide samples 
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(Crude: 500 µg/mouse, LeP1: 110 µg/mouse, LeP2: 365 µg/mouse) were orally administered to 

mice prior to (7 days) and during DSS administration (7 days), followed by additional 3 days 

administration of the polysaccharide samples. Furthermore, increasing dose of LeP1 (110, 200, 

and 300 µg/mouse) were orally administered to mice to determine the dose-dependent effect of the 

polysaccharide sample following the same procedure as above. 

 

4.2.5. Cell culture  

Caco-2 cells (intestinal epithelial cell line) were cultured in a 75 cm3 plastic flask containing 10 

mL of DMEM (4.5 g/L glucose) supplemented with 10% FBS, 1% MEM-NEAA, 100 μg/mL 

streptomycin, and 100 U/mL penicillin. The cells were incubated at 37 °C in a 5% CO2 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. 

 

4.2.6. 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 method of Dong et al [68] and Lou et al [69] was 

adopted with modifications. Briefly, the cells were harvested with trypsin and 100 µL of 2 ×105 

cells/ml were seeded onto 96-well plates and incubated overnight at 37 ºC and 5% CO2. Cell death 

was induced with increasing concentration of TNF-α (20, 50, and 100 ng/mL). For necroptotic cell 

death induction, Caco-2 cells were incubated with 50 µM zVAD, 50 µM zVAD plus 20 µM 
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necrostatin-1 (Nec-1), 50 µM zVAD plus 200 µg/mL or 500 µg/mL LeP1 for 2 h prior to TNF-α 

stimulation for an additional 24 h. Cell death was determined by MTT assay. 

 

4.2.7. Measurement of cell death 

Cell death analysis was performed by MTT (3-(4,5-Dimethylthiazol-2-yl)-2,5- 

diphenyltetrazolium bromide) assay. Briefly, 100 µL of Caco-2 cells (2 × 105 cells/mL) in RPMI 

1640 (supplemented with 10% FBS, 100 μg/mL streptomycin, and 100 U/mL penicillin) were 

seeded in 96-well plate and incubated overnight at 37 ºC and 5% CO2. Media was replaced with 

100 µL of fresh media containing the different treatments, followed by additional incubation for 

24 h at 37 ºC and 5% CO2. 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 ºC and 5% CO2. The MTT-

containing media was then replaced with Dimethyl Sulfoxide (DMSO, 100 µL/well) and incubated 

again at 37 ºC and 5% CO2 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) × 100, where Aa is absorbance of the test well, 

Ab is absorbance of the control well, and Ao is the absorbance of blank well.  

 

4.2.8. Western blot analysis 

Colon tissue samples (4-5 mg) were homogenized in ice-cold RIPA (radioimmunoprecipitation) 

buffer (50 mM Tris-HCl (pH 8), 150 mM NaCl, 1% Nonidet-P40, 0.5% Sodium deoxycholate, 

and 0.1% SDS) containing PMSF and a cocktail of protease and phosphatase inhibitors (aprotinin, 
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leupeptin, Na Fluoride, and DTT). Protein quantification was carried out by Lowry’s method, and 

equal amounts of total protein (20 µg) were separated with SDS/PAGE (Sodium dodecyl 

sulfate/polyacrylamide gel electrophoresis) (10% gels) under reducing conditions (2× Laemmli 

buffer: 4% SDS, 10% 2-mercaptoethanol, 20% glycine, 0.004% bromophenol blue, and 0.125 M 

Tris-HCl (pH 6.8)). After electrophoresis, the proteins were transferred onto PVDF 

(polyvinylidene fluoride) membranes in running buffer (25 mM Tris base, 190 mM glycine, and 

0.1% SDS (pH 8.3)) 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-β-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. 

 

4.2.9. Statistical analysis 

All data are expressed as mean ± SD. Statistical analysis was performed by Tukey-Kramer and 

two-tailed standard t tests. Statistical significance was defined as *p < 0.05 and **p < 0.01. 
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4.3. Results 

4.3.1. LeP1 from Lentinula 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 intestinal epithelial cells (IECs) [24]. 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 [70, 71]. 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. 4.1.A-D). 

However, LeP1 significantly prevented necroptosis by suppressing the phosphorylation of MLKL 

in a dose-dependent manner (Fig. 4.1.A-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. 
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Fig. 4.1. 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 polysaccharide for additional 

10 days. (A-B) Western blot analysis of necroptosis marker, pMLKL, in the colon of mice treated 

with DSS + crude polysaccharides (500 µg/mouse), LeP1 (110 µg/mouse), and LeP2 (365 

µg/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, and 

300 µg/mouse). Values are presented as mean ± SD (n = 4). *p < 0.05, **p < 0.001.  

 

4.3.2. LeP1 from L. edodes prevented necroptotic cell death in vitro  

In order to further study the anti-necroptosis effect of polysaccharide from Lentinula 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-α, and the result obtained indicate that 

apoptotic cell death by TNF-α is dose-dependent (Fig. 4.2.A). The reports of Nishitani et al [19] 

and Zhang et al [72] indicated that TNF-α was highly expressed during colitis suggesting that it 

played a significant role in the associated necroptotic cell death observed in our study. Therefore, 
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in this study, TNF-α and zVAD (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-α-induced cell death in Caco-2 cells, indicating that cell death was caspase-

independent (Fig. 4.2.B). However, both 200 µg/mL and 500 µg/mL of LeP1 significantly 

inhibited TNF-induced necroptotic cell death in Caco-2 cells (Fig. 4.2.C). Furthermore, 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. 4.2.C). These data showed that polysaccharides from 

Lentinula edodes prevented necroptotic cell death in an intestinal epithelial cell line, Caco-2 cells, 

in vitro. 

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 [73-

76]. Having demonstrated that our polysaccharide sample prevented necroptotic cell death in 

Caco-2 cells and colon tissues of colitis mice (Fig. 4.1.A-D; Fig. 4.2.C), we next investigated 

whether the polysaccharide sample (LeP1) could prevent apoptotic cell death in the same manner. 

Surprisingly, we observed that the polysaccharide sample significantly blocked TNF-α-induced 

cell death in Caco-2 cells (Fig. 4.2.D). This data suggests that the polysaccharide sample may be 

exerting its effect on RIPK1 to suppress both necroptosis and apoptosis. 
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Fig. 4.2. LeP1 from L. edodes inhibited necroptotic cell death in vitro. Caco-2 cells were treated 

with 50 µM zVAD (caspase inhibitor), 50 µM zVAD+ 20 µM Nec-1 (necroptosis inhibitor), or 50 

µM zVAD+ 200 µg/mL or 500 µg/mL of polysaccharides for 2 h prior to stimulation with 20 

ng/mL rhTNF-α or not for another 24 h. (A) Induction of cell death with increasing concentration 

C 

D 
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of TNF-α (20 ng/mL, 50 ng/mL, and 100 ng/mL) for 24 h. (B) Induction of necroptotic cell death 

with 20 ng/mLTNF-α + 50 µM zVAD. (C) Inhibition of necroptotic cell death (induced with 20 

ng/mL TNF-α+50 µM zVAD) with 20 µM Nec-1 or different doses of LeP1 (200 µg/mL or 500 

µg/mL). (D) Inhibition of TNF-induced cell death by LeP1 (Caco-2 cells were treated with 200 

µg/mL or 500 µg/mL polysaccharides for 2 h prior to stimulation with 100 ng/mL rhTNF-α or not 

for another 24 h). Cell viability was determined by MTT assay. Values are expressed as mean ± 

SD (n = 3-4). *p < 0.05, **p < 0.001. 

 

4.4. Discussion 

Necroptotic cell death has been reported to play important role in the pathogenesis and progression 

of intestinal inflammation. In this study, consistent with reports of other researchers, it was found 

that necroptosis was associated with DSS-induced colitis (Fig. 4.1.) [73]. However, it was 

demonstrated that polysaccharide derived from Lentinula edodes significantly suppressed colitis-

associated necroptosis in a dose-dependent manner (Fig. 4.1.).  

An in vitro necroptosis model consisting of Caco-2 cells was utilized in this study. First, an in vitro 

TNF-α-induced cell death studies using Caco-2 cells was performed, and it was found that Caco-

2 cells died by necroptotic cell death in the presence of caspase inhibitor (zVAD-fmk) when 

stimulated with TNF-α, and also responded to TNF-α-induced cell death in a dose dependent 

manner (Fig. 4.2.A and B). Interestingly, it was also observed that LeP1 from L. edodes 

significantly protected Caco-2 cells from TNF-α-induced necroptotic cell death in vitro (Fig. 4.2. 

C).  

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 [73-76]. Notably, it was found that the polysaccharide sample 

was able to prevent both TNF-α-induced necroptosis and TNF-α-induced extrinsic apoptosis in 
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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 (Fig. 4.2. D). Therefore, these findings strongly suggest that the inhibition 

of necroptosis by polysaccharide derived from Lentinula edodes may partly be responsible for its 

activity against intestinal inflammation 
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CHAPTER 5 

 

Effect of Lentinula edodes Polysaccharides on the Expression of 

Inflammatory Cytokines in Ulcerative Colitis 

 

5.1. Introduction 

Necroptosis has been shown to be actively involved in the pathogenesis and promotion of 

inflammatory bowel disease, as well as in the excessive expression and release of inflammatory 

cytokines [49, 50]. RIPK3 is an important player in the RIPK1-RIPK3-MLKL necroptosis 

signaling pathway. It plays dual roles upon the initiation of necroptosis, by mediating both the 

necroptosis-dependent DAMPs release and necroptosis-independent up-regulation of 

inflammatory cytokines [77]. There are various ways in which RIPK3 could up-regulate 

inflammatory cytokines. RIPK3 is able to stimulate the production of ROS (reactive oxygen 

species) and also process pro-IL-1β into active IL-1β. ROS and IL-1β, in turn, stimulate other 

signaling cascades which lead to up-regulation of other inflammatory cytokines [77-79]. 

Furthermore, studies have shown that RIPK3 directly contributes to the activation of NF-κB-

mediated inflammatory cytokines expression [79-81]. RIPK3-mediated activation of the mitogen-

activated protein (MAP) kinase, extracellular signal regulated kinase (ERK) and C-Jun N-terminal 

kinase (JNK), has also been reported [77]. DAMPs released from necroptotic cells into the 

extracellular environment strongly activate and induce the expression of pro-inflammatory 

cytokines in surrounding cells, thereby promoting the spread of inflammatory signals [82-84]. In 
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chapter 4, we demonstrated that polysaccharides derived from Lentinula edodes inhibited 

necroptotic cell death in the colon of colitis mice and consequently ameliorated ulcerative colitis. 

In this chapter 5, the effect of the polysaccharide sample on the expression level of inflammatory 

cytokines was investigated. 

 

5.2. Materials and Methods 

5.2.1. Reagents 

Dextran sodium sulphate (DSS, 36,000-50,000 Da) was purchased from MP Biomedicals 

(Canada). DEAE-sepharose CL-6B was purchased from GE Healthcare Bio-sciences AB 

(Sweden). 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) respectively. FBS (fetal 

bovine serum) was purchased from Biological Industries (Beit, Israel). Recombinant human tumor 

necrosis factor-α (rhTNF-α) was purchased from PeproTech (Rocky Hill, NJ, USA). zVAD-fmk 

(pan-caspase inhibitor) was purchased from Selleck (Tokyo, Japan). Anti-mouse β-actin antibody, 

anti-mouse TNFR1 antibody, anti-mouse Syk antibody, and anti-human TNFR1 antibody were 

from Santa Cruz Biotechnology (Delaware Avenue, CA), rabbit monoclonal anti-mouse pMLKL 

(ab196436) was 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.  
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5.2.2. Extraction of polysaccharides from Lentinula edodes 

Crude polysaccharides used for this study was obtained from the powdery fruiting bodies of 

Lentinula edodes by hot water extraction and ethanol precipitation as described in section 2.2.2 of 

chapter 2. 

 

5.2.3. Chromatographic separation of crude polysaccharides  

Crude polysaccharide was separated using DEAE-sepharose CL-6B column chromatography as 

described in section 2.2.3 of chapter 2. The fraction containing the active component (fraction 1) 

as previously reported in chapter 2 was named LeAP1 and used for this study. 

 

5.2.4. Ulcerative colitis induction 

Mice were purchased and bred as described in chapter 2. Ulcerative colitis was induced in mice 

using 2.5% of DSS (w/v) in drinking water for 7 days. Polysaccharide sample (300 µg/mouse) 

(LeAP1) was orally administered to mice prior to (7 days) and during DSS administration (7 days), 

followed by additional 3 days administration of the polysaccharide sample or clean water. Body 

weights of mice were recorded daily, and at the end of sample administration, mice were sacrificed 

by cervical dislocation, colon tissues were excised and their length measured.  

 

5.2.5. Total RNA isolation 
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Immediately after mice sacrifice, colon lumen was flushed with ice-cold PBS, and 4-5 mg of distal 

region of colon tissue was collected for total RNA isolation. Total RNA was isolated from mice 

colon using Sepasol-RNA I Super G (Nacalai Tesque, Kyoto, Japan) and following standard 

procedure for total RNA isolation. The concentration of total RNA was determined using 

NanoDrop 2000 spectrophotometer (Thermo Scientific, U.S.A). 

 

5.2.6. mRNA purification using LiCl precipitation 

The total RNA obtained with Sepasol extraction was subjected to purification using two-step LiCl 

(Lithium chloride) precipitation. LiCl precipitation removes contaminating DSS, other 

polysaccharides, DNA, tRNA, and nucleotides, but precipitates only mRNA, according to the 

method of Viennois et al [85, 86]. Briefly, 0.1 volume of ice-cold 8 M LiCl was added to 1 volume 

of total RNA sample, and was kept on ice for 2 h, followed by centrifugation at 14,000 ×g for 30 

min at 4 ºC. Supernatant was discarded and pellet was redissolved in 200 µL RNase free water. 

Again, this step was repeated by adding 20 µL of ice-cold 8 M LiCl and kept on ice for 2 h, 

centrifuged at 14,000 ×g for 30 min at 4 ºC, and supernatant was discarded. Again, 200 µL of 

RNase free water was added to the pellet, followed by addition of 20 µL of ice-cold 3M sodium 

acetate (pH =5.2) and 400 µL of -20 ºC pre-chilled 100% ethanol, followed by incubation at -20 

ºC for 30 min. The solution was centrifuged at 14,000 ×g for 30 min at 4 ºC, supernatant was 

discarded and pellet was washed with 100µL of -20 ºC prechilled 75% ethanol, followed by 

centrifugation at 14,000 ×g for 10 min at 4 ºC. The supernatant was removed and the pellet was 

air-dried, and redissolved in 30 µL (smaller volume than the initial starting volume of total RNA) 

of RNase free water. The concentration of purified mRNA was determined using a NanoDrop 

2000 spectrophotometer (Thermo Scientific, U.S.A). 
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5.2.7. cDNA synthesis and quantitative RT-PCR 

Purified mRNA (5 µg) was used for cDNA (complementary DNA) synthesis using the High 

Capacity cDNA Reverse Transcription Kit (Applied Biosystems, Carlsbad, CA) with a T100 

Thermal cycler (BIO-RAD, Singapore) programmed at 25 ºC for 10 min, 37 ºC for 120 min, and 

85 ºC for 5 sec. The cDNA was stored at 4 ºC for subsequent use. Quantitative real-time 

polymerase chain reaction was performed on a 7500 Fast-Time PCR System (Applied Biosystems) 

programmed at 95 ºC for 10 min, 95 ºC for 10 sec, and 60 ºC for 30 sec, using a FastStart Universal 

Probe Master (ROX) mix (Roche Diagnostics GmbH, Mannheim, Germany). The TaqMan probes 

used include Mm00607939_sl for mouse Actb (housekeeping gene), Hs02786624_g1 for human 

GAPDH (housekeeping gene), Mm00443258_ml for mouse Tnfα, Mm00446190_ml for mouse 

Il6, Mm00434228_ml for mouse Il1b, Mm01168134_ml for mouse Ifng, Mm00441242_ml for 

mouse Ccl2, Hs00174103_m1 for human Il8, and Mm01183349_ml for mouse Clec7a. Gene 

expressions were normalized using β-actin or GAPDH. 

 

5.2.8. In vitro necroptosis 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. Caco-2 cells (3.5 × 105 cells/well) were seeded onto a 12-

well plate and incubated overnight at 37 ºC, 5% CO2. The method outlined in chapter 4 was 

followed to induce necroptosis in Caco-2 cells and treated with LeAP1 to determine its effect on 

TNFR1 expression. 
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5.2.9. Western blot analysis 

Colon tissue samples (4-5 mg) were homogenized in ice-cold RIPA (radioimmunoprecipitation) 

buffer (50 mM Tris-HCl (pH 8), 150 mM NaCl, 1% Nonidet-P40, 0.5% Sodium deoxycholate, 

and 0.1% SDS) containing PMSF and a cocktail of protease and phosphatase inhibitors (aprotinin, 

leupeptin, Na Fluoride, and DTT), while Caco-2 cells were trypsinized and washed with ice-cold 

PBS, followed by total protein extraction using ice-cold RIPA buffer. The remaining western blot 

procedure outlined in chapter 4 was followed to detect proteins of interest. 

5.2.10. Statistical analysis 

All data are expressed as mean ± SD. Statistical analysis was performed by Tukey-Kramer and 

two-tailed standard t tests. Statistical significance was defined as *p < 0.05 and **p < 0.01. 

 

5.3. Results 

5.3.1. The effect of polysaccharides (LeAP1) from Lentinula edodes on ulcerative colitis in mice 

To study the effect of polysaccharides from Lentinula edodes on the expression level of 

inflammatory cytokines induced by ulcerative colitis-associated necroptosis. The polysaccharide 

sample (300 µg/mouse) was orally administered to ulcerative colitis mice. In chapter 4, it was 

demonstrated that necroptosis is actively involved in ulcerative colitis. The results obtained 

showed that, in consistent with previous results, the polysaccharide sample significantly prevented 

DSS-induced colitis in mice, as seen in both the body weight and colon length (Fig. 5.1.A-C). It 

was also observed that the survival rate of colitis mice which were administered with the 

polysaccharide sample was maintained at 100% as compared to the untreated which dropped to 
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80% (Fig. 5.1.D). These data suggested that, as consistent with previous results, the polysaccharide 

sample exerted anti-inflammatory activity. 

 

                   

 

                      

A 

B 

Chapter 5 



62 
 

                          

                         

Fig. 5.1. Polysaccharides from Lentinula edodes (LeAP1) inhibited ulcerative colitis and 

maintained mice survival. Ulcerative colitis was induced in mice with 2.5% DSS (w/v) in 

drinking water for 7 days. Polysaccharide sample (300 µg/mouse) was orally administered to mice 

prior to (7 days) and during colitis induction (7 days), followed by additional 3 days of 

administration. (A) Body weight of mice treated with polysaccharide sample. (B and C) Colon 

length of mice treated with polysaccharide sample. (D) Survival rate of mice treated with 

polysaccharide sample. Values are expressed as mean ± SD (n = 4-5). *p < 0.05, **p < 0.001. 

C 

D 
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5.3.2. Effect of Lentinula edodes polysaccharides on the expression of inflammatory cytokines 

in ulcerative colitis 

Necroptotic cell death is known to be associated with up-regulation of inflammatory cytokines and 

chemokines. In chapter 4, necroptosis was shown to be actively involved in ulcerative colitis, 

suggesting that there might be necroptosis-mediated up-regulation of inflammatory cytokines. To 

investigate this situation, ulcerative colitis was induced in mice using 2.5% DSS (w/v) in drinking 

water. Colitis mice were pre- and co-treated with polysaccharide sample (300 µg/mouse) from 

Lentinula edodes. The mRNA expression level of inflammatory cytokines, TNF-α, IL-6, IL-1β, 

IFN-γ, and CCL-2, was analysed. The results obtained indicated a significantly increased level of 

inflammatory cytokines in DSS-treated mice (Fig. 5.2.A-E). Furthermore, necroptosis was induced 

in 200 µg/mL LeAP1-treated Caco-2 cells using 20 ng/mL TNF-α + 50 µM zVAD-fmk (Pan-

caspase inhibitor) for 24 h, and IL-8 mRNA expression was analysed. The data indicated that the 

polysaccharides sample suppressed IL-8 expression (Fig. 5.2. F and G). In addition, the data 

indicated that necrostatin-1 (Nec-1) (20 µM), a necroptosis inhibitor, prevented the up-regulation 

of IL-8, suggesting that necroptosis played an active role in mediating increased inflammatory 

cytokines/chemokines expression (Fig. 5.2. G). However, administered polysaccharide sample 

significantly prevented up-regulation of the cytokines (Fig. 5.2.A-G). These data suggested a feed-

forward effect of the polysaccharide sample on necroptotic cell death in the colon of colitis mice 

as reported in chapter 4.  
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Fig. 5.2. Polysaccharides from Lentinula edodes inhibited up-regulation of inflammatory 

cytokines in ulcerative colitis mice. Polysaccharide sample (300 µg/mouse) was pre- (7 days) 

E 
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and co-administered to ulcerative colitis mice for 7 days, followed by additional 3 days 

administration of polysaccharide sample. (A-E) mRNA expression level of inflammatory 

cytokines and chemokine in the colon of ulcerative colitis mice administered with polysaccharide 

sample. (F and G) mRNA expression of Caco-2 cells treated with 200 µg/mL LeAP1 or Nec-1 (20 

µM) and necroptosis inducer (20 ng/mL TNF-α+50 µM zVAD-fmk) for 24 h. Values are expressed 

as mean ± SD (n = 3-4). *p < 0.05, **p < 0.001. 

 

5.3.3 Anti-necroptosis activity of Lentinula edodes polysaccharides is not dependent on the 

expression of TNFR1 

To confirm that necroptosis was associated with DSS-induced ulcerative colitis, the level of 

pMLKL (necroptosis executor) was determined by western blot analysis. The results in Fig. 5.3.A 

indicated that necroptosis actively played a role in ulcerative colitis, consistent with the data in 

chapter 4. However, orally administered polysaccharides (LeAP1) inhibited necroptosis and 

ameliorated colitis in mice. Recent reports indicated that TNF-α played important role in activating 

necroptosis in vivo through binding to its cell surface receptor, TNFR1 [24-26]. The data in Fig. 

5.3.A indicated that Lentinula edodes polysaccharides inhibited necroptosis in vivo and suppressed 

increased expression of TNF-α (Fig. 5.2.A). The results in Fig. 5.3. B, C, and D, indicated that the 

polysaccharide sample did not affect the expression of TNFR1 in both in vivo and in vitro models 

of necroptosis, suggesting that anti-necroptosis activity of the polysaccharide is not dependent on 

the expression of TNFR1 on the cell surface. 
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Fig. 5.3. Anti-necroptosis activity of Lentinula edodes polysaccharides is independent of its 

effect on TNFR1 expression. Polysaccharide sample (300 µg/mouse) was pre- (7 days) and co-

administered to ulcerative colitis mice for 7 days, followed by additional 3 days administration of 

polysaccharide sample. (A) Western blot detection of necroptosis executor, pMLKL. (B) Protein 

D 
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expression of colon TNFR1 of colitis mice treated with 300 µg/mouse of Lentinula edodes 

polysaccharide. To induce necroptotic cell death, Caco-2 cells were incubated with 50 µM zVAD 

or 50 µM zVAD+200 µg/mL LeAP1 for 2 h prior to TNF-α (20 ng/mL) stimulation for an 

additional 24 h. (C and D) Protein expression of TNFR1 on Caco-2 cells treated with necroptosis 

inducer and Lentinula edodes polysaccharide. Values are expressed as mean ±SD (n = 3). *p < 

0.05, **p < 0.001. 

 

5.4. Discussion 

Studies in the last two decades on cell death have improved our understanding of cell deaths and 

their role in disease conditions. Necroptosis, a regulated form of pro-inflammatory cell death, has 

been widely shown to play active roles in the etiology and pathogenesis of IBD [24]. Recent reports 

indicated that inhibitors of necroptosis prevented ulcerative colitis in mice, thereby implicating 

necroptosis as a cause of IBD rather than a consequence of it [72]. Necroptosis signaling stimulates 

the expression of inflammatory cytokines which together with DAMPs are released into the 

extracellular environment upon cell membrane rupture, and which results in the promotion and 

worsening of inflammatory conditions. TNF-α is known to stimulate necroptosis upon binding to 

its receptor, TNFR1, in the absence or deficiency of caspase-8. In this study, increased expression 

of TNF-α and necroptosis were recorded in DSS-induced colitis mice model, which indicated that 

chemically-induced (DSS) necroptotic cell death played a role in the expression and release of 

inflammatory cytokines which in turn activated necroptosis in neighbouring cells and exacerbated 

inflammation in the form of a chain reaction.  

Increased expression of inflammatory cytokines is associated with necroptotic cell death. 

Necroptosis is actively involved in the pathogenesis and promotion of ulcerative colitis, suggesting 

that necroptotic signaling molecules played crucial roles in the up-regulation of inflammatory 

cytokines as observed in ulcerative colitis conditions [87, 88]. In chapter 4, we demonstrated that 
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polysaccharides from Lentinula edodes prevented necroptotic cell death in the colon of ulcerative 

colitis mice. Therefore, the inhibition of necroptosis may have resulted to the amelioration of 

ulcerative colitis as reported in chapter 2 and 3. Furthermore, in this chapter 5, we observed that 

the expression of inflammatory cytokines (TNF-α, IL-6, IL-1β, IFN-γ, and CCL-2) was up-

regulated in the colon of ulcerative colitis mice, which may have resulted from the activation of 

necroptotic signaling pathways in the colon. However, administered polysaccharides extract 

down-regulated the expression of inflammatory cytokines (Fig.5.2. A-E). Down-regulation of 

inflammatory cytokines may have directly resulted from the inhibition of necroptosis by the 

polysaccharide sample. These results are consistent with reports of other researchers who reported 

that necroptosis inhibitors ameliorated ulcerative colitis and prevented increased expression of 

inflammatory cytokines [72].  

Furthermore, the effect of the polysaccharide sample on the expression of TNFR1 was 

investigated. In contrast to the report of Nishitani et al [19] who reported the endocytic effects of 

lentinan on TNFR1 as its anti-inflammatory mechanism, our polysaccharide sample did not show 

any effect on the expression of TNFR1 in both in vivo and in vitro models of necroptosis. These 

data indicated that the anti-necroptosis activity of the polysaccharide sample and its inhibitory 

effects on the expression of inflammatory cytokines were independent of the expression of TNFR1 

on the cell surface, thereby suggesting a direct effect on necroptosis mediators 
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CHAPTER 6 

 

General Discussion and Conclusion 

 

Necroptosis is a caspase-independent, pro-inflammatory form of programmed necrotic cell death 

[28]. Unlike apoptosis, it is characterized by cell swelling, lysis, and release of intracellular 

contents into surrounding tissues. It is described as immunogenic because of the release of pro-

inflammatory cellular contents such as interleukins and damage-associated molecular patterns 

(DAMPs) into extracellular medium [28]. Recent reports indicated that it is actively involved and 

associated with colitis and other inflammatory disease conditions [24]. Studies have suggested that 

Lentinan, a β-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 [19]. 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 [24, 49, 67, 68]. No study has yet reported any effect of polysaccharides 

from edible mushrooms on ulcerative colitis-associated necroptosis. In this study, consistent with 

reports of other researchers, we found that polysaccharides sample from L. edodes prevented 

ulcerative colitis in mice (chapter 2). On further study, we observed that the anti-inflammatory 

activity of the polysaccharides sample was exerted by its carbohydrate-rich component, and was 

independent of the protein content (chapter 2). Additionally, the data indicated that the 

carbohydrate-rich component of the polysaccharides inhibited ulcerative colitis in a dose-
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dependent manner. This data was consistent with the report of Nishitani et al [19] who showed 

that lentinan, a β-glucan, suppressed colitis in mice.  

A wide range of biological activities have been attributed to mushroom polysaccharides. The 

different structures of polysaccharides components and other bioactive compounds from different 

species of mushrooms are reported to be responsible for their varied activities, such as anti-

inflammatory activity, anti-diabetic, immunomodulatory, hepatoprotective, anti-allergic, and anti-

bacterial activities [38-41]. The difference in biological activity is attributed to the difference in 

their structural features such as monomeric compositions, linearity, branching points, degree of 

branching, chain length, molecular weight, ionic nature, and solubility. Furthermore, different 

strains of mushrooms have also been reported to contain similar compounds with some difference 

in solubility and structural features [59-61]. The structural difference in bioactive compounds 

found in strains of certain species of mushrooms have been reported to have some influence on 

their biological activities [48]. 

This study has demonstrated that polysaccharides derived from Lentinula edodes had suppressive 

effects against ulcerative colitis in mice. However, different strains of Lentinula edodes are known 

to exist and are cultivated in growth media with varied compositions. There is no report yet on the 

difference/similarity of polysaccharides from different strains of Lentinula edodes, and the 

consequent variability in their biological activities. In this study, the intestinal anti-inflammatory 

activities of polysaccharides from another two selected strains of Lentinula edodes (LeA and LeB) 

were investigated using animal model of ulcerative colitis. Results obtained showed that the crude 

polysaccharides (LeAP) from LeA suppressed ulcerative colitis in mice, suggesting that the crude 

polysaccharides possessed anti-inflammatory properties against colitis in mice (chapter 3). 

However, the crude polysaccharides (LeBP) from LeB showed no inhibitory activity against colitis 
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in mice as seen in both the colon length and body weight of the mice (chapter 3). These results 

suggest that polysaccharides from the two strains of Lentinula edodes exhibited differential 

biological activities against colitis in mice. 

Furthermore, column chromatographic separation of crude polysaccharides from the strains of 

Lentinula edodes (LeAP and LeBP) using DEAE-sepharose CL-6B, showed differential elution 

profiles with LeAP1 having two peaks while LeBP has three peaks, which indicated that the 

polysaccharides may be structurally different, although further structural studies need to be done 

to clarify this observation. The different structural features may have accounted for their varied 

activities against ulcerative colitis in mice. This study is the first to demonstrate the differential 

anti-inflammatory activity of polysaccharides from strains of Lentinula edodes, thereby suggesting 

that the anti-inflammatory activities of Lentinula edodes polysaccharides may be strain-dependent 

(chapter 3).   

Consistent with recent reports [87], it was observed in this study, that necroptosis was actively 

involved in DSS-induced ulcerative colitis. However, the data obtained demonstrated that the 

carbohydrate-rich component of the polysaccharides derived from Lentinula edodes significantly 

inhibited necroptotic cell death in the colon of ulcerative colitis mice in a dose-dependent manner, 

indicating that the polysaccharide sample may partly prevent ulcerative colitis through its 

inhibition of necroptosis. 

To further explore the anti-necroptosis effect of the polysaccharides, an in vitro necroptosis model 

consisting of Caco-2 cells was utilized [37, 68]. First, an in vitro TNF-α-induced cell death was 

carried out using Caco-2 cells, and it was found that Caco-2 cells died by necroptotic cell death in 

the presence of caspase inhibitor (zVAD-fmk) when stimulated with TNF-α. It was also 

demonstrated that Caco-2 cells responded to TNF-α-induced cell death in a dose dependent 
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manner. Interestingly, it was observed that the polysaccharide sample from L. edodes significantly 

protected Caco-2 cells from TNF-α-induced necroptotic cell death in vitro (chapter 4). 

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 [74-77]. Notably, it was found that the polysaccharide sample 

was able to prevent both TNF-α-induced necroptosis and TNF-α-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 (chapter 4). 

Necroptotic signals result in the activation of signaling pathways leading to expression of 

inflammatory cytokines. The necroptosis mediator, RIPK3, has been reported to activate NF-κB 

and MAPK-mediated expression of inflammatory cytokines [77-80, 88]. In this study, increased 

expression of TNF-α and other inflammatory cytokines (IL-6, IL-1β, and IFN-γ), as well as 

activation of necroptosis pathway were recorded in DSS-induced colitis mice model, which 

indicated that chemically-induced (DSS) necroptotic cell death played a role in the expression and 

release of inflammatory cytokines which in turn activate necroptosis in neighbouring cells and 

exacerbate inflammation in the form of a chain reaction. The results in chapter 5 indicated that 

orally administered polysaccharides to mice prevented increased expression of inflammatory 

cytokines in the colon of ulcerative colitis mice. The effect of the polysaccharide sample on the 

expression of TNFR1 was also investigated. However, in contrast to the report of Nishitani et al 

[19] who reported the endocytic effect of lentinan on TNFR1 as its anti-inflammatory mechanism, 

our polysaccharide sample did not show any effect on the expression of TNFR1 in both in vivo 

and in vitro models of necroptosis, suggesting that the polysaccharide sample may not be similar 
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to lentinan. This data indicated that the anti-necroptosis activity of the polysaccharide sample and 

its inhibitory effects on the expression of inflammatory cytokines were independent of the 

expression of TNFR1 on the cell surface, thereby suggesting a direct effect on necroptosis 

mediators. Furthermore, the polysaccharide sample suppressed expression of monocyte 

chemoattractant protein-1, MCP-1 (CCL-2) and IL-8 in the colon of ulcerative colitis mice and 

Caco-2 cells undergoing necroptosis respectively (chapter 5), suggesting that the polysaccharides 

prevented infiltration of inflammatory monocytes into the inflamed colon.  

Ingested toxic environmental chemicals and interactions of IECs with luminal contents, such as 

food antigens and microbiota, result in necroptotic cell death. Necroptotic IECs release their 

cytoplasmic contents, such as DAMPs, into the extracellular space, which in turn initiate 

necroptotic signaling cascade in neighbouring cells, and thus promote intestinal inflammation [24]. 

Furthermore, IECs necroptosis results in an increased permeability of mucosa 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 more release of pro-inflammatory cytokines and 

consequently exacerbates intestinal inflammation [89]. However, this study has demonstrated that 

orally administered polysaccharides from Lentinula edodes inhibited necroptotic cell death in the 

colon and ameliorated ulcerative colitis in mice. Therefore, these findings strongly suggest that the 

inhibition of necroptosis by polysaccharide extracts from Lentinula edodes may partly be 

responsible for its activity against ulcerative colitis. This study has provided evidence for the anti-

necroptosis and anti-inflammatory activity of L. edodes polysaccharides to support its use as an 

alternative source of therapeutic agent against ulcerative colitis.  
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Figure 6.1. Scheme showing the mechanistic action of Lentinula edodes polysaccharides on IBD 

through inhibition of necroptosis 

General Discussion 



78 
 

 

REFERENCES 

 

1. Greenwood-Van Meerveld B., Johnson A.C., and Grundy D. (2017) Gastrointestinal 

Physiology and Function. Handb. Exp. Pharmacol. 239, 1-16. 

2. Goodman B.E. (2010) Insights into digestion and absorption of major nutrients in humans. 

Adv. Physiol. Educ. 34, 44-53. 

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

A., Mettraux C., Vuichoud J., Lavoinne A., Breuillé D., Déchelotte P., and Coëffier M. 

(2009) Methotrexate induces intestinal mucositis and alters gut protein metabolism 

independently of reduced food intake. Am. J. Physiol. Endocrinol. Metab. 296, E182-190. 

4. Elsheikh W., Flannigan K.L., McKnight W., Ferraz J.G.P., and Wallace J.L. (2012) 

Dextran sulfate sodium induces pan-gastroenteritis in rodents: implications for studies of 

colitis. J. Physiol. Pharmacol. 63, 463-469. 

5. Zhang H., Wang S., and Jin L.H. (2020) Acanthopanax senticosus polysaccharide regulates 

the intestinal homeostasis disruption induced by toxic chemicals in Drosophila. Phytother. 

Res. 34, 193-200. 

6. Soderholm A.T. and Pedicord V.A. (2019) Intestinal epithelial cells: at the interface of the 

microbiota and mucosal immunity. Immunology. 158, 267-280. 

7. Muñoz L., Borrero M., Úbeda M., Conde E., Campo R.D., Rodríguez-Serrano M., Lario 

M., Sánchez-Díaz A., Pastor O., Díaz D., García-Bermejo L., Monserrat J., Álvarez-Mon 

M., and Albillos A. (2019) Intestinal Immune Dysregulation Driven by Dysbiosis Promotes 

References 



79 
 

Barrier Disruption and Bacterial Translocation in Rats with Cirrhosis. Hepatology. 70, 925-

938. 

8. Chen T., Chen S., Wu H., Lee T., Lu Y., Wu L., Ni Y., Sun C., Yu W., Buret A.G., and Yu 

L.C. (2013) Persistent gut barrier damage and commensal bacterial influx following 

eradication of Giardia infection in mice. Gut Pathog. 5, 26. 

9. Min H., Kim J., Ahn J., and Shim Y. (2019) Gliadin Intake Causes Disruption of the 

Intestinal Barrier and an Increase in Germ Cell Apoptosis in A Caenorhabditis Elegans 

Model. Nutrients. 11, 2587-2607. 

10. Maloy K.J. and Powrie F. (2011) Intestinal homeostasis and its breakdown in inflammatory 

bowel disease. Nature. 474, 298-306. 

11. Li H-L., Lu L., Wang X-S., Qin L-Y., Wang P., Qiu S-P., Wu H., Huang F., Zhang B-B., 

Shi H-L., and Wu X-J. (2017) Alteration of Gut Microbiota and Inflammatory 

Cytokine/Chemokine Profiles in 5-Fluorouracil Induced Intestinal Mucositis. Front. Cell 

Infect. Microbiol. 7, 455-468. 

12. de Freitas M.B., Moreira E.A.M., Tomio C., Moreno Y.M.F., Daltoe, F.P., Barbosa E., et 

al. (2018) Altered intestinal microbiota composition, antibiotic therapy and intestinal 

inflammation in children and adolescents with cystic fibrosis. PLoS ONE. 13, e0198457. 

13. Fang S., Zhuo Z., Yu X., Wang H., and Feng J. (2018) 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. 47, 12-20. 

14. Kaplan G.G. (2015) The global burden of IBD: from 2015 to 2025. Nat Rev Gastroenterol 

Hepatol. 12, 720-727. 

References 



80 
 

15. Everhov A.H., Halfvarson J., Myrelid P., Sachs M.C., Nordenvall C., Söderling J., Ekbom 

A., Neovius M., Ludvigsson J.F., Askling J., and Olén O. (2018) Incidence and Treatment 

of Patients Diagnosed with Inflammatory Bowel Diseases at 60 Years or Older in Sweden. 

Gastroenterology. 154, 518-528.e15. 

16. Burisch J., Jess T., Martinato M., and Lakatos PL. (2013) The burden of inflammatory 

bowel disease in Europe. J. Crohns Colitis. 7, 322-337. 

17. Froes R.de.S.B., Carvalho A.T.P., Carneiro A.J.de.V., Moreira A.M.H.de.B., Moreira 

J.P.L., Luiz R.R., and de Souza H.S. (2018) The socio-economic impact of work disability 

due to inflammatory bowel disease in Brazil. Eur. J. Health Econ. 19, 463-470. 

18. Conrad K., Roggenbuck D., and Martin W.L. (2014) Diagnosis and classification of 

ulcerative colitis. Autoimmunity Reviews. 13, 463-466. 

19. Nishitani Y., Zhang L., Yoshida M., Azuma T., Kanazawa K., Hashimoto T., and Mizuno 

M. (2013) Intestinal anti-inflammatory activity of lentinan: influence on IL-8 and TNFR1 

expression in intestinal epithelial cells. PLoS ONE. 8, e62441. 

20. Roda G., Ng S.G., Kotze P.G., Argollo M., Panaccione R., Spinelli A., Kaser A., Peyrin-

Biroulet L., and Danese S. (2020) Crohn’s disease. Nature Reviews Disease Primers. 6, 

22. 

21. Cleynen I., Boucher G., Jostins L., Schumm L.P., Zeissig S., et al. (2016) Inherited 

determinants of Crohn's disease and ulcerative colitis phenotypes: a genetic association 

study. Lancet. 387, 156-167. 

22. Li S., Ning L., Lou X., and Xu G. (2018) Necroptosis in inflammatory bowel disease and 

other intestinal diseases. World J Clin Cases. 6, 745-752. 

References 



81 
 

23. Xavier R.J. and Podolsky D.K. (2007) Unravelling the pathogenesis of inflammatory bowel 

disease. Nature. 448, 427-434. 

24. Pierdomenico M., Negroni A., Stronati L., Vitali R., Prete E., Bertin J., Gough P.J., Aloi 

M., and Cucchiara S. (2014) Necroptosis is active in children with inflammatory bowel 

disease and contributes to heighten intestinal inflammation. Am. J. Gastroenterol. 109, 

279-287. 

25. Xu G. and Shi Y. (2007) Apoptosis signaling pathways and lymphocyte homeostasis. Cell 

Research. 17, 759-771. 

26. Fulda S. and Debatin K-M. (2006) Extrinsic versus intrinsic apoptosis pathway in 

anticancer chemotherapy. Oncogene. 25, 4798-4811. 

27. Susan E. (2007) Apoptosis: A Review of Programmed Cell Death. Toxicol Pathol. 35, 495-

516. 

28. Rosenbaum D.M., Degterev A., David J., Rosenbaum P.S., Roth S., Grotta J.C., Cuny 

G.D., Yuan J., and Savitz S.I. (2010) Necroptosis, a novel form of caspase-independent 

cell death, contributes to neuronal damage in a retinal ischemia-reperfusion injury model. 

J. Neurosci. Res. 88, 1569-76. 

29. Liang X., Chen Y., Zhang L., Jiang F., Wang W., Ye Z., Liu S., Yu C., and Shi W. (2014) 

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. 10, 719-24. 

30. Sun L. and Wang X. (2014) A new kind of cell suicide: mechanisms and functions of 

programmed necrosis. Trends Biochem. Sci. 39, 587-593. 

31. Newton K., Dugger D.L., Maltzman A., Greve J.M., Hedehus M., Martin-McNulty B., 

Carano R.A.D., Cao T.C., van Bruggen N., Bernstein L., Lee W.P., Wu X., DeVoss J., 

References 



82 
 

Zhang J., Jeet S., Peng I., McKenzie B.S., Roose-Girma M., Caplazi P., Diehl L., Webster 

J.D., and Vucic D. (2016) RIPK3 deficiency or catalytically inactive RIPK1 provides 

greater benefit than MLKL deficiency in mouse models of inflammation and tissue injury. 

Cell Death Differ. 23, 1565-76. 

32. Maelfait J., Liverpool L., Bridgeman A., Ragan K.B., Upton J.W., and Rehwinkel J. (2017) 

Sensing of viral and endogenous RNA by ZBP1/DAI induces necroptosis. EMBO J. 36, 

2529-2543. 

33. Najafov A., Mookhtiar A.K., Luu H.S., Ordureau A., Pan H., Amin P.P., Li Y., Lu Q., and 

Yuan J. (2019) TAM Kinases Promote Necroptosis by Regulating Oligomerization of 

MLKL. Mol. Cell. 75, 457-468. 

34. Wang H., Sun L., Su L., Rizo J., Liu L., Wang L., Wang F., and Wang X. (2014) Mixed 

lineage kinase domain-like protein MLKL causes necrotic membrane disruption upon 

phosphorylation by RIP3. Mol. Cell. 54, 133-146. 

35. Gunther C., Neumann H., Neurath M.F., and Becker C. (2013) Apoptosis, necrosis and 

necroptosis: cell death regulation in the intestinal epithelium. Gut. 62, 1062-1071. 

36. Cleynen I., Boucher G., Jostins L., Schumm L.P., Zeissig S., et al. (2016) Inherited 

determinants of Crohn's disease and ulcerative colitis phenotypes: a genetic association 

study. Lancet. 387, 156-167. 

37. Negroni A., Colantoni E., Pierdomenico M., Palone F., Costanzo M., Oliva S., Tiberti A., 

Cucchiara S., and Stronati L. (2017) RIP3 AND pMLKL promote necroptosis-induced 

inflammation and alter membrane permeability in intestinal epithelial cells. Dig. Liver Dis. 

49, 1201-1210. 

References 



83 
 

38. Chen X., Li W., Ren J., Huang D., He W., Song Y., Yang C., Li W., Zheng X., Chen P., 

and Han J. (2014) Translocation of mixed lineage kinase domain-like protein to plasma 

membrane leads to necrotic cell death. Cell Res. 24, 105-121. 

39. Alagbaoso C.A., Osubor C.C., and Isikhuemhen O.S. (2015) 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. 17, 1137-1143. 

40. Jedinak A., Dudhgaonkar S., Wu Q., Simon J., and Sliva D. (2011) Anti-inflammatory 

activity of edible oyster mushroom is mediated through the inhibition of NF-κB and AP-1 

signaling. Nutr. J. 10, 52-61. 

41. Yan J., Zhu L., Qu Y., Qu X., Mu M., Zhang M., Muneer G., Zhou Y., and Sun L. (2019) 

Analyses of active antioxidant polysaccharides from four edible mushrooms. Int. J. Biol. 

Macromol. 123, 945-956. 

42. Yang C., Feng Q., Liao H., Yu X., Liu Y., and Wang D. (2019) Anti-Diabetic Nephropathy 

Activities of Polysaccharides Obtained from Termitornyces albuminosus via Regulation of 

NF-κB Signaling in db/db Mice. Int. J. Mol. Sci. 20, 5205-5223. 

43. Sakaguchi K., Shirai Y., Itoh T., and Mizuno M. (2018) 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. 14, 165. 

44. Wang X., Wang W., Wang L., Yu C., Zhang G., Zhu H., Wang C., Zhao S., Hu C.A., and 

Liu Y. (2019) Lentinan modulates intestinal microbiota and enhances barrier integrity in a 

piglet model challenged with lipopolysaccharide. Food Funct. 10, 479-489. 

References 



84 
 

45. Zi Y., Jiang B., He C., and Liu L. (2020) Lentinan inhibits oxidative stress and 

inflammatory cytokine production induced by benzo(a)pyrene in human keratinocytes. J. 

Cosmet. Dermatol. 19, 502-507. 

46. Ren G., Xu L., Lu T., Zhang Y., Wang Y., and Yin J. (2019) Protective effects of lentinan 

on lipopolysaccharide induced inflammatory response in intestine of juvenile taimen 

(Hucho taimen, Pallas). Int. J. Biol. Macromol. 121, 317-325. 

47. 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., and Yang C. (2019) Therapeutic effects of lentinan on inflammatory 

bowel disease and colitis-associated cancer. J. Cell Mol. Med. 23, 750-760. 

48. Enman J., Rova U., and Berglund K.A. (2007) Quantification of the Bioactive Compound 

Eritadenine in Selected Strains of Shiitake Mushroom (Lentinus edodes). J. Agric. Food 

Chem. 55, 1177-1180. 

49. Zhou T., Huang W., Xu Q., Zhou X., Shao L., and Song B. (2020) Nec-1 attenuates 

inflammation and cytotoxicity induced by high glucose onTHP-1 derived macrophages 

through RIP1. Archives of Oral Biology 118, 104858. 

50. Zhang J., Qin D., Yang Y., Hu G., Qin X., Du C., and Chen W. (2019) MLKL deficiency 

inhibits DSS-induced colitis independent of intestinal microbiota. Molecular Immunology. 

107, 132-141. 

51. Mizuno M., Morimoto M., Minato K., and Tsuchida H. (1998) Polysaccharides from 

Agaricus blazei Stimulate Lymphocyte T-cell Subsets in Mice. Biosci. Biotechnol. 

Biochem. 62, 434-437. 

References 



85 
 

52. Muhidinov Z.K., Bobokalonov J.T., Ismoilov I.B., Strahan G.D., Chau H.K., Hotchkiss 

A.T., and Liu L. (2020) Characterization of two types of polysaccharides from Eremurus 

hissaricus roots growing in Tajikistan. Food Hydrocolloids. 105, 105768. 

53. Dubois M., Gilles K., Hamilton J.K., Rebers P.A., Smith F., et al. (1951) A colorimetric 

method for the determination of sugars. Nature. 168, 167. 

54. Lowry O.H., Rosebrough N.H., Farr A.L., and Randall R.J. (1951) Protein measurement 

with the Folin phenol reagent. J. Biol. Chem. 193, 265-275. 

55. Trakoolpolpruek T., Moonmangmee S., and Chanput W. (2019) Structure-dependent 

immune modulating activity of okra polysaccharide on THP-1 macrophages. Bioactive 

Carbohydrates and Dietary Fibre. 17, 100173. 

56. Jeengar M.K., Thummuri D., Magnusson M., Naidu V.G.M., and Uppugundur S. (2017) 

Uridine Ameliorates Dextran Sulfate Sodium (DSS)-Induced Colitis in Mice. Scientific 

Reports. 7, 3924. 

57. Chassaing B., Aitken J.D., Malleshappa M., and Vijay-Kumar M. (2014) Dextran sulfate 

sodium (DSS)-induced colitis in mice. Curr. Protoc. Immunol. 104, 15-25. 

58. Triantafillidis J.K., Merikas E., and Georgopoulos F. (2011) Current and emerging drugs 

for the treatment of inflammatory bowel disease. Drug Design, Development and Therapy. 

5, 185-210. 

59. Fraga I., Coutinho J., Bezerra R.M., Dias A.A., Marques G., and Nunes FM. (2014) 

Influence of culture medium growth variables on Ganoderma lucidum exopolysaccharides 

structural features. Carbohydrate Polymers. 111, 936-946. 

References 



86 
 

60. Zhu F., Du B., Bian Z., and Xu B. (2015) β-Glucans from edible and medicinal mushrooms: 

Characteristics, physicochemical and biological activities. Journal of Food Composition 

and Analysis. 41, 165-173. 

61. Mizuno M. and Nishitani Y. (2013) Immunomodulating Compounds in Basidiomycetes. 

Journal of Clinical Biochemistry and Nutrition. 52, 202-207. 

62. Zhang Y., Li S., Wang X., Zhang L., and Cheng P.C.K. (2011) Advances in lentinan: 

Isolation, structure, chain conformation and bioactivities. Food Hydrocolloids. 25, 196-

206. 

63. Schwarzer R., Laurien L., and Pasparakis M. (2020) New insights into the regulation of 

apoptosis, necroptosis, and pyroptosis by receptor interacting protein kinase 1 and caspase-

8. Current Opinion in Cell Biology. 63, 186-193. 

64. Osborn S.L., Diehl G., Han S., Xue L., Kurd N., Hsieh K., Cado D., Robey E.A., and 

Winoto A. (2010) Fas-associated death domain (FADD) is a negative regulator of T-cell 

receptor-mediated necroptosis. PNAS. 107, 13034-13039. 

65. Kang T., Jeong J., Yang S., Kovalenko A., and Wallach D. (2018) Caspase-8 deficiency in 

mouse embryo triggers chronic RIPK1-dependent activation of inflammatory genes, 

independently of RIPK3. Cell Death and Differentiation. 25, 1107- 1117. 

66. Alvarez-Diaz S., Dillon C.P., Lalaoui N., Tanzer M.C., Rodriguez D.A., Lin A., Lebois 

M., Hakem R., Josefsson E.C., O’Reilly L.A., Silke J., Alexander W.S., Green D.R., and 

Strasser A. (2016) The Pseudokinase MLKL and the Kinase RIPK3 Have Distinct Roles 

in Autoimmune Disease Caused by Loss of Death-Receptor-Induced Apoptosis. Immunity. 

45, 513-526. 

References 



87 
 

67. Lehle A.S., Farin H.F., Marquardt B., Michels B.E., Magg T., et al. (2019) Intestinal 

Inflammation and Dysregulated Immunity in Patients with Inherited Caspase-8 Deficiency. 

Gastroenterology. 156, 275-278.  

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

(2017) Protective effect of NSA on intestinal epithelial cells in a necroptosis model. 

Oncotarget. 8, 86726-86735. 

69. Lou X., Zhu H., Ning L., Li C., Li S., Du H., Zhou X., and Xu G. (2019) EZH2 Regulates 

Intestinal Inflammation and Necroptosis Through the JNK Signaling Pathway in Intestinal 

Epithelial Cells. Dig. Dis. Sci. 64, 3518-3527. 

70. Shi N., Li N., Duan X., and Niu H. (2017) Interaction between the gut microbiome and 

mucosal immune system. Mil. Med. Res. 4, 14. 

71. Sánchez de Medina F., Romero-Calvo I., Mascaraque C., and Martínez-Augustin O. (2014) 

Intestinal inflammation and mucosal barrier function. Inflamm. Bowel Dis. 20, 2394-404. 

72. Zhang C., Luo Y., He Q., Liu S., He A., and Yan J. (2019) A pan-RAF inhibitor 

LY3009120 inhibits necroptosis by preventing phosphorylation of RIPK1 and alleviates 

dextran sulfate sodium-induced colitis. Clin. Sci. (Lond). 133, 919-932. 

73. Dondelinger Y., Delanghe T., Priem D., Wynosky-Dolfi M.A., Sorobetea D., Rojas-Rivera 

D., et al. (2019) Serine 25 phosphorylation inhibits RIPK1 kinase-dependent cell death in 

models of infection and inflammation. Nature Communications. 10, 1729. 

74. Zhang X., Dowling J.P., and Zhang J. (2019) RIPK1 can mediate apoptosis in addition to 

necroptosis during embryonic development. Cell Death and Disease. 10, 245. 

75. 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., and Zhang H. (2019) Ubiquitination of RIPK1 suppresses 

References 



88 
 

programmed cell death by regulating RIPK1 kinase activation during embryogenesis. 

Nature Communications. 10, 4158. 

76. Najafov A., Chen H., and Yuan J. (2017) Necroptosis and Cancer. Trends in Cancer. 3, 

294-301. 

77. Moriwaki K., Balaji S., McQuade T., Malhotra N., Kang J., and Chan F.K. (2014) The 

Necroptosis Adaptor RIPK3 Promotes Injury-Induced Cytokine Expression and Tissue 

Repair. Immunity. 41, 567-578. 

78. Deepa S.S., Unnikrishnan A., Matyi S., Hadad N., and Richardson A. (2018) Necroptosis 

increases with age and is reduced by dietary restriction. Aging Cell. 17, e12770. 

79. Moriwaki K., Balaji S., and Chan F.K. (2016) Border Security: The Role of RIPK3 in 

Epithelium Homeostasis. Front. Cell Dev. Biol. 4, 70-76. 

80. Kasof G.M., Prosser J.C., Liu D., Lorenzi M.V., and Gomes B.C. (2000) The RIP-like 

kinase, RIP3, induces apoptosis and NF-kappaB nuclear translocation and localizes to 

mitochondria. FEBS Lett. 473, 285-291. 

81. Kaiser W.J., Upton J.W., and Mocarski E.S. (2008) Receptor-interacting protein 

homotypic interaction motif-dependent control of NF-kappa B activation via the DNA-

dependent activator of IFN regulatory factors. J. Immunol. 181, 6427-6434. 

82. Choi M.E., Price D.R., Ryter S.W., and Choi A.M.K. (2019) Necroptosis: a crucial 

pathogenic mediator of human disease. JCI Insight. 4, e128834. 

83. Royce G.H., Brown-Borg H.M., and Deepa S.S. (2019) The potential role of necroptosis 

in inflammaging and aging. GeroScience. 41, 795-811. 

84. Davidovich P., Kearney C.J., and Martin S.J. (2014) Inflammatory out-comes of apoptosis, 

necrosis and necroptosis. Biol. Chem. 395, 1163-1171. 

85. Viennois E., Tahsin A., and Merlin D. (2018) Purification of Total RNA from DSS-treated 

Murine Tissue via Lithium Chloride Precipitation. Bio-Protoc. 8, e2829. 

References 



89 
 

86. Viennois E., Chen F., Laroui H., Baker M., and Merlin D. (2013) Dextran sodium sulfate 

inhibits the activities of both polymerase and reverse transcriptase: lithium chloride 

purification, a rapid and efficient technique to purify RNA. BMC Res Notes. 6, 360-375.  

87. Zhou M., He J., Shi Y., Liu X., Luo S., Cheng C., Ge W., Qu C., Du P., and Chen Y. (2020) 

ABIN3 Negatively Regulates Necroptosis-Induced Intestinal Inflammation Through 

Recruiting A20 and Restricting the Ubiquitination of RIPK3 in Inflammatory Bowel 

Disease. Journal of Crohn’s and Colitis. 2020, 1-16. 

88. Zhu K., Liang W., Ma Z., Xu D., Cao S., Lu X., Liu N., Shan B., Qian L., and Yuan J. 

(2018) Necroptosis promotes cell-autonomous activation of proinflammatory cytokine 

gene expression. Cell Death and Disease. 9, 500. 

89. Garcia-Carbonell R., Yao S., Das S., and Guma M. (2019) Dysregulation of Intestinal 

Epithelial Cell RIPK Pathways Promotes Chronic Inflammation in the IBD Gut. Front. 

Immunol. 10, 1094. 

 

 

 

 

 

 

 

 

 

 

References 



90 
 

ACKNOWLEDGEMENTS 

I wish to express my profound gratitude to Almighty God who kept me alive and bestowed me 

with His grace to finish this study. I give special thanks to my Supervisor, Prof. Masashi Mizuno, 

for his kind guidance, assistance, observations, and helpful suggestions which enabled me to 

accomplish this task. I sincerely wish to express my gratitude to Prof. Takashi Hashimoto and Prof. 

Yoshiko Aihara (both Professors of Kobe University, Japan) for their encouragement, helpful 

suggestions, and assistance in the course of this study. Also, I truly appreciate Professor Shinji 

Takenaka, Professor Ken-ichiro Minato, and Professor Masaki Kuse for the time they spent going 

through my dissertation and making very useful comments.  

I wish to also express my sincere gratitude to Japanese Government for awarding me the MEXT 

scholarship and granting me the opportunity to undertake my PhD research in Japan, I will forever 

remain grateful. 

It is my pleasure to acknowledge Prof. Chijindu C. Osubor (Prof. of University of Benin, Nigeria), 

Prof. Ngozi P. Okolie (Prof. of University of Benin, Nigeria), and Prof. Omoanghe S. Isikhuemhen 

(Prof. of North Carolina A&T State University, USA) for their encouragement and advice 

throughout this study. 

I thank all our laboratory members, both present and past (especially Miss Atsuko Morita) 

members, for their kindness and assistance every time I needed it. 

My special appreciation goes to my parents and siblings for their prayers and encouragement 

throughout the period of this research, and to my family (wife and children) for their unconditional 

love and understanding throughout this study. 

To myself, I would like to say: My journey to greater heights just begun! 



91 
 

Finally, I would like to conclude these acknowledgements with the words of Winston 

Churchill “Success is not final, failure is not fatal: it is the courage to continue that counts.” 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Acknowledgements 



92 
 

LIST OF PUBLICATIONS 

 

1. Alagbaoso C.A. and Mizuno M. Polysaccharides from Shiitake Medicinal Mushroom 

Lentinula edodes (Agaricomycetes) Suppressed pMLKL-mediated Necroptotic Cell Death 

and Colitis in Mice. Int. J. Med. Mushrooms, 2020. (Accepted). 

 

2. Alagbaoso C.A. and Mizuno M. Polysaccharides from Shiitake Suppressed Inflammatory 

Cytokines Expression in Ulcerative colitis through Inhibition of Necroptosis, 2020. (Under 

preparation). 

 


