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Abstract 

Medicinal mushrooms are therapeutic agents in traditional folk medicines. 

Previous studies have shown that a number of biologically active compounds in 

medicinal mushrooms contributed therapeutic functions against many diseases. 

These compounds include mainly large molecular weight (MW) compounds such 

as polysaccharides, dietary fibre and lipids. Mushroom polysaccharides have 

attracted great attention in food and pharmacology fields because of their 

biological activities. Polysaccharides vary in molecular weight, degree of 

branching and conformational structure. It has been reported that fine structure, 

molecular weight, and conformation of polysaccharide influence biological 

activities. The incidence and prevalence of inflammatory bowel disease (IBD) 

have been increasing worldwide, which is characterized by chronic inflammation 

of the gastrointestinal tract but without satisfactory treatment. Although there are 

many studies for the immuno-pharmacological activity of mushroom 

polysaccharides, their intestinal anti-inflammatory property has not been 

investigated sufficiently. Therefore, it is very important to elucidate whether there 

is the relationship among the MW, structure and anti-inflammatory activity of 

polysaccharide in IBD.  

Firstly, an exopolysaccharide from a mycelial culture of S. commune was obtained 

by isolation and purification using DEAE–52 cellulose and Sephadex G–150 

column chromatography. The structure, conformation and chemical properties 

were investigated, including elemental compositions, MW, monosaccharide 

compositions, fourier transform infrared spectrum, thermogram analysis, nuclear 

magnetic resonance (NMR) spectrum, circular dichroism (CD) study, methylation 

analysis, and scanning electron microscope (SEM). The findings indicate that the 

exopolysaccharide is a homogeneous protein-bound heteropolysaccharide 

carrying molecular weight of 2900 kDa with a β-type glycosidic linkage. It 

belongs to a kind of β-(1→3)-D-glucans consisting of a backbone of 

β-(1→3)-linked glucose residues branched with (1→4) and 

(1→6)-β-D-glucopyranosyl residues on main-chain residues. The elemental 

analysis of this exopolysaccharide discover the element compositions as: C, 

25.84%; H, 5.45%; and N, 0.65%. The total carbohydrate, protein and uronic acid 

contents of exopolysaccharide is 89.0%, 2.20% and 7.52%, respectively. In 

addition, lipopolysaccharide (LPS) was not detected in the exopolysaccharide. 

Glucose is the main monosaccharide structural unit in this exopolysaccharide, the 

content is 57.5%. The degradation temperature of exopolysaccharide is 278.9°C 

from the thermogram analysis curve. This exopolysaccharide looks like thin film 

with smooth and glittering surface in SEM photography. It is clear from these 

images that the exopolysaccharide is linear in structure and branched and coiled in 

aqueous solution. With these extraction, the preliminary anti-inflammatory 

activity of S. commune exopolysaccharide was conducted by inhibiting the 

production of nitric oxide (NO), activity of inducible nitric oxide synthase (iNOS) 

and activity of 5-lipoxygenase (5-LOX) from RAW 264.7 macrophages. The 
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results showed that exopolysaccharide significantly inhibit LPS-induced iNOS 

expression levels in a dose-dependent manner(p < 0.05). It inhibits the production 

of 5-LOX in cells, but not in dose-dependence. Further, in dextran sulfate sodium 

(DSS)-induced colitis model, the results showed that exopolysaccharide 

attenuated body weight loss, diarrhea, fecal blood, and the shortening of colon and 

improved histological changes. Furthermore, exopolysaccharide treatment would 

reduce NO production and some cytokines’ secretion such as IL-4 and IL-17A. 

These results indicate that exopolysaccharide might be exploited as an effective 

anti-inflammatory agent for application in IBD. 

Secondly, ultrasound technology was applied to modify the physicochemical 

properties (MW and viscosity) of this fungal exopolysaccharide, and fractions of 

different MWs were obtained through ultrasonic degradation method. Effect of the 

MW degradation, viscosity and anti-inflammatory property of exopolysaccharide 

under ultrasonic treatment were optimized with response surface methodology. 

The best ultrasonic treatment parameters were obtained with a 

three-variable-three-level Box-Behnken design. The optimized conditions for 

efficient anti-inflammatory activity include: Initial concentration – 0.4%; 

ultrasonic power – 600 W; and duration of ultrasonic treatment – 9 min. Under 

these conditions, the NO inhibition rate is 95 ± 0.03% which agreed closely with 

the predicted value (96%). Average MW of exopolysaccharide decreased after 

ultrasonic treatments, but no significant change in the preliminary structure by 

infrared spectroscopy analysis. The viscosity of degraded exopolysaccharide 

dropped compared with native exopolysaccharide. The results suggest that 

ultrasound technology is an effective approach to reduce the MW of 

exopolysaccharide. Our results also showed that exopolysaccharide from S. 

commune was degraded into three fractions (low, medium, and high MW) by 

ultrasonic treatment. The changes of MW, atomic force microscope morphology, 

X-ray diffraction, particle size distribution and viscosity analysis indicate the 

triple helical structure of exopolysaccharide was dissociated into single helical 

structure and random coiled structure by breaking of inter- and intramolecular 

hydrogen bonds. The medium and high MW exopolysaccharide had the mixture of 

triple helix and single helix conformation. Moreover, the low MW 

exopolysaccharide exhibit random coiled conformation. As for their 

anti-inflammatory effect in DSS-induced colitis mice model, the results showed 

that medium and high MW exopolysaccharide significantly recovered 

DSS-induced colitis in body weight loss, shortening of colon lengths, colon 

weight loss, diarrhea and rectal bleeding, histological score, myeloperoxidase 

(MPO) activity, NO and cytokines (IFN-γ, IL-10 and IL-17) production in 

inflamed tissues. Moreover, exopolysaccharide with medium and high MW 

reduced DSS-induced infiltration of macrophages. These results showed that 

medium and high MW exopolysaccharide had intestinal anti-inflammatory 

activity. The degraded exopolysaccharide with medium and high MW had a triple 

and single-helical structure. These results suggested that the intestinal 
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anti-inflammatory activity of exopolysaccharide from S. commune is related to 

both helical structure and MW.   
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1.1. Medicinal fungi 

Mushrooms have been valued as flavorful foods and as medicinal substances. The 

number of mushrooms on earth is estimated around 140, 000, yet maybe only 

10% (approximately 14, 000 named species) are known (Wasser, 2002). 

Approximately 14, 000 mushroom species have been identified worldwide, of 

which only about 650 species are reported to be of medicinal value (El Enshasy 

and Hatti-Kaul, 2013). Medicinal fungi have traditionally been used for different 

purposes all over the world. Species of medicinal fungi have a long history of 

application for disease treatment in folk medicines, especially in China, India, 

Japan and Korea (De Silva et al., 2012). Medicinal fungi have shown therapeutic 

functions against the development of many diseases, primarily because they 

contain many biologically active compounds, such as, polysaccharides, proteins 

and lipids as well as a lot of small molecular weight (MW) metabolites such as 

lectins, lactones, terpenoids, alkaloids, sterols and phenolic compounds (De Silva 

et al., 2012). It is estimated that about 650 mushrooms possess medicinal 

properties, but only several edible (Flammulina velutipes, Grifola frondosa, 

Hericium erinaceus, Lentinus edodes, Pleurotus spp., and Tremella spp.) and 

non-edible mushroom species (Ganoderma lucidum, Schizophyllum commune, 

and Trametes versicolor) have been investigated (Elisashvili, 2012). Chronic 

inflammation is closely linked to many diseases including obesity, type 2 diabetes, 

atherosclerosis, heart diseases, arthritis, fibromyalgia, Alzheimer’s disease, cancer 

and early aging. Most medicinal fungi such as Ganoderma lucidum (Boh et al., 
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2007), Antrodia camphorate (Wu et al., 2007), Schizophyllum commune 

(Salahuddin et al., 2008) and Agrocybe chaxingu (Lee et al., 2009) have 

anti-inflammatory effects.  

1.2. Schizophyllum commune 

Schizophyllum commune is a sap-rot Basidiomycete and cosmopolitan species. It 

is one of the most widely distributed fleshy fungi, always found on dead and 

rotten wood of trees (Chowdhary et al., 2013). The production of S. commune and 

other medicinal mushrooms has increased due to the ease of cultivation, increase 

in popularity and its nutritional value (Wasser, 2002a). S. commune has also been 

consumed as a nutritional food in southeast Asia for its medicinal value (Han et 

al., 2005). 

1.2.1. The biological characteristics of S. commune 

S. commune has a life cycle which can be completed on artificial media within 

two weeks (Palmer and Horton, 2006). The mature fruiting body of S. commune 

appears as a fanshaped cup close to the surface of the substrate. The distinctive 

feature of S. commune is the formation of a macroscopic fructification, the 

basidiocarp, that contains basidiospores (sexual spores) developing on the outside 

of a club-shaped or elongate structure called the basidium (Chowdhary et al., 

2013). Mushroom development in S. commune begins with the formation of what 

is called a primary hyphal knot (Palmer and Horton, 2006). The inner cells of the 

developing cup differentiate into the hymenium, from which the spore-bearing 
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basidia develop (Raudaskoski and Vauras, 1982). The split gills typical of S. 

commune are formed by the infolding of the edge of the hymenium.  

  The diameter of mycelium is 1.25-7.5 μm and the diameter of cap is 0.5-4.5 cm. 

The spore is colorless and 5-5.5 μm × 2-2.5 μm. The mycelium has an ideal 

growth temperature at 23-26°C. The optimal temperature for the formation of 

fruiting bodies was 14-20°C. The relative humidity for various indices of 

morphological development of the fruiting body was 95%. The optimal pH for 

mycelium of S. commune was 5-6 (Wang and Huo, 2006). 

1.2.2. The chemical composition of S. commune 

Currently, 80%-85% of all medicinal mushroom products are isolated from 

fruiting bodies, which have been either commercially farmed or collected from the 

wild (Lindequist et al., 2005). Only 15% of all products are based on extracts 

derived from mycelia (Llauradó et al., 2015). Longvah and Deosthale (1998) 

measured the chemical and nutritional composition of S. commune from northeast 

India. The fat, protein and ash were 2.0%, 15.9% and 8.0%, respectively. The 

content of phosphorus, magnesium, calcium, iron, zinc, magnesium and copper 

was 408 mg 100g
-1

, 227 mg 100g
-1

, 188 mg 100g
-1

, 12.3 mg 100g
-1

, 5.7 mg 100g
-1

, 

8.8 mg 100g
-1

, and 0.9 mg 100g
-1

, respectively. 

1.2.3. The submerged culture of S. commune 

Submerged cultivation of mushrooms has important industrial potential, but its 

success on a commercial scale depends on cost compared with existing 

technology (Zhong and Tang, 2004). The major limitation to S. commune 
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availability and application is that it is seasonal in nature. Adejoye et al. (2007) 

obtained the fungus from dead wood and maintained on potato dextrose agar 

(PDA) supplemented with 0.5% peptone. They found the effects of temperature, 

pH, vitamins and carbon source on the vegetative growth of the fungus. The result 

indicated that this fungus had its optimized growth at 25°C with mycelial 

extension of 102.97 mm. These results will assist in the mass cultivation of S. 

commune and improve its availability. In another study, S. commune submerged 

cultivation for chitin-glucan complex production was investigated. In different S. 

commune strains chitin-glucan complex composed 15.2 ± 0.4% to 30.2 ± 0.2% of 

mycelium dry weight. Optimum conditions for chitin-glucan complex production 

resulted in 3.5 ± 0.3 g L
-1

 complex yield. The results showed that S. commune 

submerged cultivation is a potent alternative to Micromycetes for industrial-scale 

chitin-glucan complex production (Smirnou et al., 2011). Aina et al. (2012) 

assessed wild S. commune and mutant strains of the same organism generated by 

exposure of the wild type fungus to ultraviolet rays at different time intervals of 

30 min, 60 min and 90 min respectively for fungus biomass and 

exopolysaccharide (EPS) production. Results showed that temperature of 28°C 

was optimal for both mycelial biomass yield [(3.18, 4.42, 3.58, 3.13 (g 100ml s
-1

)] 

and EPS production [330, 460, 400, 290 (mg 100ml s
-1

)] for both the wild type 

and the three mutant strains respectively with S. commune mutant 1 having the 

highest values of 4.42 g 100ml s
-1 

for mycelial biomass and EPS of 460 mg 100ml 

s
-1

. Glucose was the carbon source that most supported both the mycelial biomass 
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yield and EPS production for both wild type and the mutant strains [3.18, 3.02, 

3.20, 3.13 (g 100ml s
-1

)] and [160, 400, 450, 350 (mg 100ml s
-1

)] respectively out 

of the five carbon sources tested with S. commune mutant 2 having the highest 

mycelial yield of 3.20 g 100ml s
-1

 and EPS of 450 mg 100ml s
-1

. These results 

indicated that significant improvement in mycelial yield and EPS production by S. 

commune wild type and mutant strains could be increased through submerged 

cultivation under appropriate optimized conditions. Teoh and Don (2012) 

employed statistical optimization to optimize the culture parameters for maximum 

mycelial growth of S. commune in shake flask culture. The optimum condition for 

the maximal growth (33.14 g L
-1

) was to be found at pH 6.78, 30°C and 174.14 

revolutions per minute (rpm), respectively. Additionally, Joshi et al. (2013) 

studied the optimization of the process parameters for the production of EPS by S. 

commune using one factor at a time method, Plackett-Burman design (PBD) and 

response surface methodology (RSM). One factor at a time method revealed 

xylose and yeast extract to be the most effective carbon and nitrogen sources and 

pH 5.3 as an optimum for maximum EPS production. RSM based on the central 

composite design estimated that maximum EPS (4.26 g L
-1

), mycelial biomass (14 

g L
-1

) and specific yield (0.45 g g
-1

) were obtained when concentration of xylose, 

yeast extract and KCl were set at 2.5 g % (w/v), 0.83 g % (w/v) and 6.53 mg % 

(w/v), respectively, in the production medium. 
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1.3. Mushroom polysaccharide 

The macrofungal EPS produced by submerged mycelial culture are a class of high 

value macromolecules with many biological applications (Wasser, 2002; Cui and 

Chisti, 2003; Hwang et al., 2008). The particular characteristics of growth and 

development of mushrooms in nature produce the accumulation of essential cell 

wall components such as polysaccharides. One of main category of active 

components from mushrooms is recently identified as polysaccharides. In order to 

reveal the polysaccharides in mushrooms, most researchers carried out a routine 

procedure to fractionate Basidiomycete mushroom: from crude mushroom 

extraction by hot water, fraction identification, then to further purification of 

polysaccharides using a combination of such techniques as ethanol precipitation, 

fractional concentration, acidic precipitation, ion-exchange chromatography and 

gel filtration chromatography (Kim et al., 2003; Park et al., 2003; Zhu et al., 2008). 

Selection of an extraction method depends not only on the cell wall structure, but 

also on different conditions, for instance, pressure, pH, temperature, and ionic 

strength of the solvent, and fineness of solid particle ground (Villares et al., 2012).  

In the recent years, the difficulties in polysaccharide’s separation and purification 

have remained an obstacle for its development. Polysaccharides extracted from 

the source material are generally dissolved in aqueous solutions. Whereas, other 

macromolecules (for example proteins) and small molecular substances (such as 

phenolic compounds, monosaccharides and amino acids) may be also present in 

the medium. Firstly, the samples may be subjected to a previous step consisting of 
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a methanolic extraction in order to get rid of small molecular substances. Secondly, 

proteins can be removed by precipitation with Sevag method (Whistler, 1965) 

using a mixture of chloroform and 1-butanol, trifluoroacetic acid (TFA) (20%, w/v) 

or by treating with the protease at 40°C for 1 h (pH 7.5). Thirdly, polysaccharides 

are precipitated from the supernatants by the addition of ethanol in different ratios, 

for instance, 4:1 (v/v) or 3:1 (v/v). Fourthly, pure carbohydrate fractions obtained 

from ethanol precipitation can be carried out by precipitation with ammonium 

sulfate.  

  Polysaccharides are polymeric carbohydrate structures, formed of repeating 

units joined together by glycosidic bonds. These structures are often linear, but 

may contain different degrees of branching. Polysaccharides consist of polymeric 

structures composed of at least ten monosaccharides sequentially connected by 

glycosidic bonds (Bertozzi and Rabuka, 2009; Mulloy et al., 2009; Stanley and 

Cummings, 2009). The chemical characterization of polysaccharide is an absolute 

request for a multitude of scientific and industrial that applications that go beyond 

the simple use of polysaccharides where the physical characterization and the 

knowledge of usage-dependent behavior by specific tests are sufficient. Camelini 

et al. (2005) characterized the β-glucans of Agaricus brasiliensis fruiting bodies 

by FT-IR and NMR. The results showed that β-glucan had a greater proportion of 

(1→6)-β-side branches on the (1→3)-β-backbone.  

 

 



 9 

1.4. Biological activities of fungal polysaccharide 

Polysaccharides from mushrooms have provoked the increasing interest due to the 

many biological activities they have been studied, such as immuno-modulation 

(Wasser, 2002b), anticancer activities (Ren et al., 2012), anti-inflammatory 

activities (Du et al., 2015), prevention and treatment of cardiovascular diseases 

(Wasser and Weis, 1999), antiviral and antimicrobial effects (Beattie et al., 2010).  

1.4.1. Anti-inflammatory activity 

Despite long-term interest and study, the mechanisms on how polysaccharide 

affects human health remained a mystery for a long time (Vetvicka and 

Vetvickova, 2011). Cytokines, which are produced by skin cells during 

inflammatory processes, represent a large series of regulatory proteins of the 

immuno-logic system. Nitric oxide (NO), an important molecule on 

anti-inflammatory and antimicrobial effects of macrophages, is a chemical 

indicator of inflammation and inflammatory diseases. Inducible nitric oxide 

synthase (iNOS) is induced in inflamed tissues and generates relatively large 

amounts of NO. The lipoxygenase (LOX) and cyclooxygenase (COX) are 

enzymes involved in the process of inflammation. Both iNOS and COX-2 incite 

the secretion of large amounts of pro-inflammatory mediators (Mueller et al., 

2010). Jo et al. (2010) determined the in vitro anti-inflammatory effect of β-glucan 

from fruiting bodies of Cordyceps militaris on lipopolysaccharide 

(LPS)-stimulated NO production, tumor necrosis factor (TNF)-α and interleukin 

(IL)-6 release in RAW 264.7 cells. The treatment of macrophages with various 
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concentrations of hot water extract from C. militaris significantly reduced 

LPS-induced NO production as well as secretion of TNF-α and IL-6 in a 

concentration-dependent manner. These findings suggested that hot water extract 

from C. militaris may prevent inflammation by suppressing LPS-induced 

inflammatory mediators. LPS-stimulated NO production in RAW 264.7 cells was 

reported to be the effective approach for evaluating the anti-inflammatory activity 

of polysaccharide. 

  Despite in vitro studies, numerous animal model researches have been carried 

out to demonstrate the anti-inflammatory activities of polysaccharide. Studies on 

anti-inflammatory properties of polysaccharides have resulted in positive results. 

Firstly, the intestinal anti-inflammatory activity of lentinan was studied. Dextran 

sulfate sodium (DSS)-induced colitis mice were used to evaluate effects of 

lentinan in vivo. Furthermore, Queiroz et al. (2010) reported that β-glucan from 

Caripia montagnei significantly reduced the inflammatory infiltrate produced in 

the thioglycolate-induced peritonitis model. The β-glucan at a concentration of 50 

mg kg
-1

 had good anti-inflammatory activity. They also found that β-glucan 

increased the level of IL-10 concomitant with a reduction of interferon (IFN)-γ. 

The results indicated that β-glucan from C. montagnei had excellent 

anti-inflammatory activity at a concentration of 50 mg kg
-1

.  

  To date, very few human intervention studies have addressed the effects of 

polysaccharide on systemic inflammation. Further human clinical trials are 

required to support the hypotheses regarding the benefits of polysaccharide for 
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individuals with inflammatory bowel disease (IBD). Oral intake (60 mL daily) of 

an Agaricus blazei Murill extract over 12 days in eight healthy volunteers reduced 

the monocyte and granulocyte release of major pro-inflammatory cytokines in 

vivo, which suggesting an anti-inflammatory effect. These results supported that 

oral intake of Agaricus blazei Murill β-glucan exhibited an anti-inflammatory 

effect in human in vivo (Johnson et al., 2012). 

1.4.2. Anti-oxidant activity 

Polysaccharides, besides their anti-inflammatory effects, have additional 

antioxidant properties. Guerra Dore et al. (2007) studied the antioxidant activity 

of β-glucan-rich extract from mushroom Geastrum saccatum with superoxide 

radical, hydroxyl radical, and lipid peroxidation assays. In another study, Yuan et 

al. (2009) evaluated the antioxidant activity of glucan from Phellinus ribis in mice 

using lymphocyte proliferation assay. Maity et al. (2011) demonstrated the 

antioxidant property of a glucan isolated from an alkaline extract from a somatic 

hybrid mushroom of Pleurotus florida and Calocybe indica variety APK2. 

Additionally, Tsai et al. (2007) investigated the protective effect of water-soluble 

polysaccharides from the fermented filtrate and mycelia of Antrodia cinnamomea 

in submerged culture on hydrogen peroxide-induced cytotoxicity and DNA 

damage in Chang liver cells. It was concluded that incubation of Chang liver cells 

with isolated polysaccharides at 200 μg mL
-1

 for 5 h prior to H2O2 treatment (50 

μM, 30 min) significantly reduced oxidative DNA damage as detected by the 

formation of comet tail DNA and 8-OHdG adducts by 89% and 69%, respectively. 
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These results showed that polysaccharides in A. cinnamomea had antioxidant 

properties which may involve up-regulation of glutathione S-transferase activity 

and scavenging of reactive oxygen species. Although the mechanism of their 

antioxidant action is still unclear, these polysaccharides are suggested to enhance 

cell-mediated immune responses in vivo and in vitro and act as biological 

response modifiers (Wang et al., 2013). Moreover, Klaus et al. (2011) evaluated 

the antioxidant properties of polysaccharides obtained from fruiting bodies of the 

wild Basidiomycete S. commune. The results showed that the half maximal 

effective concentration values of the antioxidant activity, of the 

1,1-diphenyl-2-picrylhydrazyl (DPPH) scavenging, and of the reducing power 

were correlated with total polysaccharide as well as with total phenol content.  

1.4.3. Anti-skin aging  

β-Glucan is a water-soluble polysaccharide consisting of linear chains of glucose 

residues with 1, 4 and 1, 3 linkage and has a molecular weight of about 1 million 

Da. β-glucans have skin health promotion effects. Du et al. (2014) discussed skin 

health promotion effects of natural beta-glucan derived from microorganisms and 

cereals. Pillai et al. (2006) performed a clinical research to evaluate the ability of 

β-glucan to alleviate the extrinsic signs of aging on a panel of 27 subjects with 

two gel formulations-one with β-glucan and the other a placebo. After eight weeks 

of treatment, a digital image analysis showed that there is a clear improvement in 

the fine lines and wrinkles of the subjects. They also conducted a moisturisation 

test on a panel of 30 human subjects with two emulsion formulations-one 
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containing β-glucan and the other with hyaluronic acid. The results showed that 

β-glucan was an excellent moisturizer and provided even better long-term 

moisturisation than hyaluronic acid. In one study, the polysaccharide 

non-specifically stimulates the keratinocytes proliferation (Zülli and Suter, 1998) 

which results in an increase of the renewal rate of the stratum corneum in vivo 

(Zülli et al., 1996). Moreover, Xie et al. (2008) evaluated the effect of 

polysaccharides from Ganoderma lucidum on the gene expression of 

keratinocytes to understand the potential mechanisms of G. lucidum 

polysaccharides on delaying aging. In another study, Hericium erinaceum 

polysaccharides significantly increased skin antioxidant enzymes, matrix 

metalloproteinase-1, tissue inhibitor of metalloproteinases-1 activities and 

collagen protein levels in a dose-dependent manner. The results indicated that H. 

erinaceum polysaccharides had anti-skin-aging activities (Xu et al., 2010). 

1.4.4. Anti-tumor activity 

Mushrooms are also recognized as functional foods for their bioactive compounds 

offer huge beneficial impacts on human health. One of those potent bioactive 

compounds is β-glucan, which exhibits antitumor properties (Ren et al., 2012). 

The antitumor substances have been identified in many mushroom species (Zhang 

et al., 2007). Wang et al. (2004) tested the antitumor activities, against Sarcoma 

180 tumor cell (S-180) and gastric carcinoma cell strain of the native 

polysaccharide from Poria cocos sclerotium and the five derivatives in vitro and 

in vivo. The results showed that the sulfated and carboxymethylated derivatives 
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had significant antitumor activities against S-180 and gastric carcinoma tumor 

cells. Furthermore, the water-soluble arboxymethylated-sulfated derivative from 

water-insoluble β-glucan of P. cocos exhibited high inhibition ratio to S-180 

tumor cell in vivo. On the other hand, the results from in vivo and in vitro 

antitumor activity against the growth of S-180 solid tumor for the polysaccharides 

indicated that the native triple helical β-(1/3)-D-glucans containing protein had 

obvious antitumor activity. 

1.4.5. Immuno-modulatory activity 

The immuno-modulating action of mushroom polysaccharides is to stimulate 

natural killer cells, T-cells, B-cells, neutrophils, and macrophage dependent 

immune system responses via differing receptors involving dectin-1, the toll-like 

receptor-2, scavengers and lactosylceramides (Ren et al., 2012). Polysaccharides 

are considered as multi-cytokine inducers that are able to induce gene expression 

of various immuno-modulatory cytokines and cytokine receptors (Ooi and Liu, 

2000). Li et al. (2013) evaluated the immuno-modulatory effects of 

polysaccharide using murine macrophages and human peripheral blood 

mononuclear cells. The results showed that polysaccharide activated extracellular 

regulated kinase and c-Raf phosphorylation but suppressed the protein kinase B 

signaling pathway in murine macrophages. These findings demonstrated the 

immuno-modulatory activity of polysaccharide in innate immunity. Kim et al. 

(2008) compared the immuno-stimulatory potency of polysaccharide from liquid 

culture of pine-mushroom Tricholoma matsutake, with a potent immunogen LPS, 
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and their molecular mechanisms on the functional activation of macrophages. The 

results showed that fraction II was able to highly increase the phenotypic 

functions of macrophages such NO secretion and cytokine (IL-1β, IL-6, IL-12, 

and TNF-α) expression, to LPS. In another study, the immuno-modulatory activity 

of polysaccharide from Plantago depressa was assessed by splenocyte 

proliferation index and production of NO and TNF-α in macrophages. The results 

showed that the polysaccharide had significant immuno-modulatory activities. Li 

et al. (2014) evaluated the immuno-modulatory activity of neutral polysaccharide 

from Mosla chinensis Maxim. cv. Jiangxiangru using splenocyte proliferation test 

and NO production of mouse peritoneal macrophages.  

1.5. Molecular weight of polysaccharide 

It is well reported that the biological activities of polysaccharides are related with 

the molecular weight, degree of branching, degree of substitution, chain 

conformation in solution (Surenjav et al., 2006). Some researches have indicated 

that the second structure of the polysaccharides such as molecular weight and 

conformation in dilute solution affects strongly their immuno-modulation and 

antitumor activities (Surenjav et al., 2006). Kim et al. (2009) studied that small 

molecular weight β-glucan has immune-enhancing activities higher than large 

molecular weight β-glucan in macrophages and splenocytes. In another study, 

Sung et al. (2012) evaluate the protective effect of small molecular weight 

β-glucan against doxorubicin-induced immune suppression of tumor-bearing 

mice. 
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Zha et al. (2009) revealed that polysaccharide with small molecular weight (5.3 

× 10
3
 to 2.3 × 10

4
 Da) had the good potential for reducing power, chelating 

ferrous ions, scavenging 2, 2-azino-bis (3-ethylbenzthiazoline-6-sulphonate), 

DPPH and hydrogen peroxide effects. Two factors that influence the viscosity of 

polysaccharide solutions are concentration and molecular weight, and they are 

therefore important contributors to the nutritional effects of polysaccharide (Wood 

et al., 1991).  

1.6. Methods for degradation of polysaccharide 

1.6.1. Chemical method 

Chemical method is a very simple and fast method for degradation of 

polysaccharide. However, it could result in unwanted mono and oligomers and to 

modifications of the chemical microstructure of the side groups. Qin et al. (2002) 

studied the degradation of chitosan using hydrogen peroxide. The molecular weight 

reduced as the time, temperature, and hydrogen peroxide concentration increased. 

The results indicated that further degradation led to more ring-opening oxidation of 

degraded products, the formation of carboxyl groups and faster deamination. 

Moreover, this method has some disadvantages such as low yield, high cost, and 

environmental pollution. 

1.6.2. Enzymatic method 

The enzymatic methods include chitosanase (Jeon et al., 2001), proteases (Li et al., 

2005), cellulase (Qin et al., 2004) and hemicellulase, and so on. It seems to be 

generally preferable to chemical reactions because the reaction course is under 
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gentle conditions and product distribution can be controlled more readily (Liu et al., 

2006). The drawback for this method is the high cost of the specific enzymes 

hinders their use on an industrial scale. 

1.6.3. Physical method–Ultrasonic technology 

Physical methods (sonication and irradiation) are effective, energy saving, and 

environmentally friendly (Liu et al., 2006). Ultrasound is defined to be the region 

between 18 kHz up to 10 MHz and is responsible for many chemical and physical 

effects (Bremner et al., 2011). Ultrasound technology has presented innumerous 

advantages compared with conventional techniques (Pingret et al., 2013). This 

promising technique has been proven to be a very effective innovative technique of 

food processing, being applicable to many processes for example in the 

crystallization, emulsification, cutting, homogenization, hydrolysis, extraction and 

microbial inactivation (Piyasena et al., 2003). First of all, the use of ultrasonic 

assisted extraction in food processing technology is of interest for improving 

extraction of components from plant and animal materials (Vilkhu et al., 2008). 

Moreover, ultrasonic degradation is a great physical method for producing 

homologous series of smaller molecular weight (Kulicke et al., 1996; Schittenhelm 

and Kulicke, 2000; Pfefferkorn et al., 2003; Goodwin et al., 2010). Ultrasonication 

also could reduce the viscosity of polysaccharide and increase in the solubility, and 

was proved to be an effective and favorable technology to improve the biological 

activities of polysaccharides (Chen et al., 1997; Baxter et al., 2005; Cravotto et al., 

2005; Liu et al., 2006; Cheng et al., 2010).  
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1.7. Potential applications of mushroom polysaccharide 

Mushroom polysaccharides have paid attention among biotechnologists because 

of their wide range of potential applications in such fields as foodstuffs, pharmacy, 

cosmetics and the petroleum industry (Llamas et al., 2012). Many edible 

mushrooms, such as reishi, maitake, shiitake, yamabushitake, etc., can be applied 

as highly functional food materials in dishes, concentrates, extracts, liquor, and 

powdered mushrooms or mycelia. Polysaccharides from mushrooms have been 

widely applied in the food and medicine fields as immuno-stimulant and 

antitumor drugs with no toxicity (Zhang et al., 2011). In medicines, three kinds of 

carcinostatic polysaccharide drugs, such as immuno-potentiators, have been 

developed in Japan: (a) “Lentinan” from the fruiting bodies of shiitake, (b) 

“Krestin” from the cultured mycelia of kawaratake, and (c) “Schizophyllan” 

(Sonifilan) from the cultured broth products of suehirotake (Mizuno et al., 1995). 

The biological activities of polysaccharides have been proven to be invaluable and 

could be employed in the potential industrial applications as natural functional 

compounds to obtain health benefits. 

1.8. Molecular weight and structure on biological properties of 

polysaccharide 

β-Glucans is the common name given to a group of chemically heterogeneous 

polysaccharides (Barsantiet al., 2011). Viewed from the point of structure, 

β-glucans vary in molecular weight, degree of branching and conformation. In 

fungal β-glucans, fine structure, molecular weight, conformation and solubility 
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have been shown to influence biological activities (Bohn and BeMiller, 1995; 

Leung et al., 2006; Soltanian et al., 2009). β-Glucan molecular weight and fine 

structure, such as 1→3 to 1→6 linkage ratio, cellulosic oligosaccharides length, 

number and distribution, will together with amount and nature of co-extracted 

compounds in a β-glucan preparation influence solubility, aggregate formation 

and polymer conformation (Rieder and Samuelsen, 2012). β-Glucans of different 

sizes, branching patterns and conformation may have significantly variable 

anti-inflammatory potency. Indeed, it has been demonstrated that the molecular 

weight, conformation, chemical modification and solubility of β-glucans 

significantly affect their anti-inflammatory activity. For example, Ohno et al. 

(1996) demonstrated that NO synthesis in vivo were significantly different 

between sizofiran (triple helical) and alkaline-treated sizofiran (single helical). It 

was found that alkaline-treated sizofiran, but not sizofiran, enhanced NO synthesis 

in vitro. Concentrations of IL-1α, IL-6 and TNF-α in the culture supernatant of 

alkaline-treated sizofiran were significantly higher than those in that of sizofiran. 

Consequently, the anti-inflammatory activity of β-glucan may be explained by its 

structure and physicochemical properties. The solubility of β-glucans in water is 

dependent, above all, on their structure, and this is associated with their origin. 

Their solubility increases with temperature. The previous reports also showed that 

an insoluble/particle glucan strongly induced inflammatory cytokine production 

(Ishibashi et al., 2001). Therefore, it is thought that the difference in 

β-(1→6)-glucan side chain and molecular weight influenced cytokine production 
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(Ishibashi et al., 2004). Previous data indicated that it is very important for 

solubility of β-glucan in anti-tumor activity (Tao et al., 2006). There were also 

data that indicated that the more water-soluble polymers are more active (Bohn 

and BeMiller, 1995). Furthermore, Ishibashi et al. (2002) compared the biological 

activity of the glucan particles oxidized under various conditions. These facts 

strongly suggested that the solubility and assembly of the components influenced 

the immuno-pharmacological activities of 1,3-β-D-glucans. However, the 

relationship between solubility and anti-inflammatory activity of β-glucan was not 

clear. Future effort should be focused on this field. Earlier studies hypothesized 

that the triple helix conformer is the only active conformer. Thus, we are 

interested in clarifying the structure activity relationship of polysaccharide 

mediated anti-inflammatory activity.  

It is well known that the backbone chemical structure can not be a factor to 

affect the biological activity, because pachyman (β-1,3-glucan with β-1,6-linked 

side chains) and laminaran (β-1,3-glucan with no side chain) have no antitumor 

activity (Yanaki et al., 1983). Therefore, the highly ordered 

structure-conformation may be one primary factor. 

1.9. Aims and objectives of study 

Most of rich mushroom resources are still under utilized and undiscovered for 

their economic potential. These macrofungi are oftentimes ignored due to lack of 

technical information about their edibility by the rural folks and due to the 

unavailability of production technology. Mycelia-submerged cultures represent an 
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alternative and promising approach to search new safe and healthy products from 

mushroom. The increased demand of natural polysaccharides for different 

industrial applications in recent years has resulted in a renewed interest in fungi 

exopolysaccharide production. These polysaccharides are renewable resources 

that offer real and potential uses for humankind. The compounds of fungal origin 

have attracted special attentions from researchers due to their various 

pharmacological and biological activities. These functions have been revealed to 

be dependent upon the chemical structure (ultrastructure and conformation) and 

the molecular weight of the polysaccharide. However, polysaccharide application 

in pharmaceuticals and food industries has been limited for its large molecular 

weight and viscosity. The greatest challenge to the development of a therapeutic 

polysaccharide is understand the relationship between the molecular weight, 

conformation and anti-inflammatory activity of these polymers so that different 

polysaccharides can be targeted to particular applications. Although the molecular 

weight and high-order structure of polysaccharides significantly affect biological 

activity, there is lack of strong evidence. Three conformations, triple helix, single 

helix and random coil, are observed for polysaccharides. It is possible to study 

which type of conformation had more strongly anti-inflammatory activity. It is 

well known that polysaccharide exhibits immuno-modulatory activity, which is 

induced through promoting secretion of interleukins, releasing the cytokines and 

stimulating macrophages. The immuno-stimulatory effect is related to the triple 

helix state of polysaccharide. On the contrary, the anti-inflammatory activity may 
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be related to the single helix chains. So it is important to know how to change 

triple helix state into single helix chains. Ultrasonic degradation could decrease 

the MW of polysaccharide, reflect the dissociation of the triple helix into single 

helix chains, but not destroy the preliminary structure of polysaccharide. It is 

important and essential to find an effective ultrasonic degradation technology to 

get the desired conformation and molecular weight polysaccharide with strong 

anti-inflammatory activity. Therefore, an understanding of the relationship among 

conformation, molecular weight and anti-inflammatory for the polysaccharides is 

essential for their successful development and application in the fields of natural 

medicine and gene technology.  

The present study was performed to find the relationship among molecular 

weight, conformation and anti-inflammatory activity of polysaccharide. This 

study was undertaken with the following objectives: 1) to isolate, purify, and 

characterize the structure and conformation of exopolysaccharide from submerged 

mycelial fermentation of S. commune; 2) to evaluate the preliminary 

anti-inflammatory activity of exopolysaccharide in LPS-induced macrophage and 

in DSS-induced animal model; 3) to investigate the effect of ultrasonic technology 

on the molecular weight, viscosity and anti-inflammatory activity of 

exopolysaccharide from submerged mycelial fermentation of S. commune; 4) to 

study the high-order structures of exopolysaccharide from mycelial fermentation 

of S. commune with different molecular weights; 5) to test the intestinal 

anti-inflammatory activity of exopolysaccharide in DSS animal model to assess 

the correlation of molecular weight and conformation to anti-inflammatory 

activities.  
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1.10. Research design  
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1.11. Potential contribution  

This study will certainly contribute to knowledge about the structure-function 

relationship of biological macromolecules and can be used as a basis for further 

studies in medical and biological fields. The helical exopolysaccharide with high 

and medium MW had intestinal anti-inflammatory effect through suppression the 

LPS-induced NO from RAW 264.7 cell lines and cytokines expression in 

DSS-induced mice. This exopolysaccharide from S. commune might be exploited 

as an effective anti-inflammatory agent for application in treating of gut 

inflammation including IBD.  

 

 

 

 

 

 

 

 

 

 

 

 

 



 25 

 

 

 

 

 

 

CHAPTER II  

Isolation, purification, structural and conformational 

characterization of a native exopolysaccharide from 

submerged mycelial fermentation of S. commune 
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2.1. Introduction 

In the last few years there has been an upsurge of interest in mushroom 

polysaccharides that have been evaluated to be dietary fibers with medicinal effect 

(Giavasis, 2014). S. commune (Fr.) is a species of basidiomycota belonging to 

Schizophyllaceae of Agaricales (Bae et al., 2012). It is one of the most widely 

distributed fleshy fungi, and can be isolated on all continents except for Antarctica 

(Teoh et al., 2012). S. commune is a filamentous growing fungus that produces 

exopolysaccharide. Cultivation of mushrooms requires several weeks to complete 

fruiting body formation and thus delaying the production of the required 

compounds. However, submerged cultivation on fungi offers an advantage for the 

production of mycelial biomass and bioactive polysaccharides (Zhong and Tang, 

2004). Recently, the submerged cultivation of medicinal mushrooms has received 

a great deal of attention as a promising and reproducible alternative for the 

efficient production of mushroom mycelium and metabolites (Elisashvili, 2012). S. 

commune EPS isolated from a variety of micro-organisms are chemically well 

defined and have attracted worldwide attention due to their novel and unique 

physical and biological properties. These EPS have many industrial applications 

in food, pharmaceutical and other industries as emulsifiers, stabilizers, binders, 

gelling agents, lubricants, and thickening agents (Jayakumar et al., 2010). 

Polysaccharides produced by the submerged culture of the fungus S. commune 

Fries are fascinating macromolecules possessing structural diversity and 

functional versatility. The aim of this chapter was to characterize the S. commune 
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exopolysaccharide by elemental analysis, high performance liquid 

chromatography (HPLC), gas chromatography (GC), Fourier transform infrared 

spectroscopy (FT-IR), thermogram analysis (TGA), nuclear magnetic resonance 

(NMR) spectra, circular dichroism (CD) study, methylation analysis, and scanning 

electron microscopy (SEM).  

2.2. Materials and methods 

2.2.1. Materials and chemicals 

Strain (CFCC83289) of S. commune Fr. was purchased from Beijing Beina 

Chuanglian Biotechnology Research Institute (Beijing, China). D-Glucuronic acid 

was obtained from Sigma-Aldrich (St. Louis, MO, U.S.A.). Ribose, rhamnose, 

arabinose, xylose, mannose, glucose, and galactose were purchased from 

Sinopharm Chemical Reagent Beijing Co., Ltd. (Beijing, China). DEAE–52 and 

Sephadex G–150 were obtained from the Pharmacia Co. (Sweden). All other 

chemicals were of analytical grade. 

2.2.2. Mycelial cultivation of S. commune 

The mycelium of S. commune was cultivated on PDA slants. They were grown for 

seven days at room temperature (28 ± 2°C) and non-contaminated slants were 

maintained and cultured. A 1 cm
2
 of mycelia along with agar from such slants 

were inoculated to 50 mL of sterile seed culture medium in 250 mL conical flasks, 

which were incubated at 28 ± 2°C, 180 rpm for 7 days on an orbit shaker (Kumari 

et al., 2008). Biomass concentration was determined by the dry mass method 

involving filtration of broth samples through pre-weighed filter discs (Whatman 
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Ltd, Maidstone, UK). The filtrate was collected and stored at –20°C for the 

isolation of crude exopolysaccharides.  

2.2.3. Isolation and purification of exopolysaccharide from S. commune 

The crude exopolysaccharides from S. commune was precipitated by overnight 

incubation with four fold absolute ethanol. The exopolysaccharide precipitate was 

collected by centrifugation and deproteinated by Sevag method (Miao et al., 2013). 

The crude exopolysaccharides were re-dissolved in distilled water and applied to a 

DEAE–52 column (2.7 cm × 70 cm). The column was eluted stepwise with 

distilled water, 0.1-1.0 M NaCl aqueous solution and fractions collected at a flow 

rate of 0.5 mL min
-1

 (each test tube hold 12 min) and monitored by the 

phenol-sulfuric acid method. Then the major fraction, named fraction A (peak a) 

was concentrated, dialyzed and lyophilized according to the elution curve. The 

fraction A was concentrated, lyophilized and further purified on a Sephadex 

G–150 column (2.6 cm × 60 cm). Each fraction was collected at a flow rate of 2 

mL min
-1

 and measured total polysaccharide content by the phenol-sulfuric acid 

method at 490 nm and protein content at 280 nm by colorimetric method. 

2.2.4. Elemental analysis 

Organic elemental microanalysis was carried out by Elementar Vario EL 

Instrument (Elementar, Germany) to analyze weight percentages of carbon (C), 

hydrogen (H), and nitrogen (N). All analyses were done in triplicate. 

2.2.5. Determination of uronic acid contents  

The content of uronic acid in exopolysaccharide was determined using sulfuric 

acid-carbazole method. One milliliter of sample reacted with 5 mL 9.54 mg mL
-1
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of sodium tetraborate sulfuric acid solution in boiling water bath for 10 min, and 

then mixed with 0.2 mL 1.25 mg mL
-1

 of carbazole ethanol solution for another 10 

min. The absorbance of the reaction solution was determined at 530 nm. 

D-glucuronic acid was served as a reference. 

2.2.6. Measurement of molecular weight 

Exopolysaccharide was characterized for MW using Agilent 1100 series HPLC 

system (Agilent Technologies Palo AHO, CA, U.S.A.) equipped with a TOSOH 

TSK-GEL G3000 SW XL column (7.8 mm × 30 cm, 10 μm) (TOSOH Corp., 

Tokyo, Japan) and an refractive index detector. A sample of 20 μL was injected in 

the system by maintaining a flow rate of 0.5 mL min
-1

 and column temperature of 

35°C. Separation was carried out using 0.05 mol L
-1

 phosphate buffer (pH 6.7) 

containing 0.05% NaN3 as mobile phase. The average molecular weight was 

calculated by the calibration curve obtained using various standard dextrans (738, 

5800, 11220, 21370, 41800, 110000, 118600, 318000, and 813500) (Ahmed et al, 

2013). 

2.2.7. Monosaccharide composition analysis of exopolysaccharide 

Monosaccharide compositions of exopolysaccharide were analyzed by GC as 

described by Liu et al. (2012) with some slight modifications. Briefly, 5 mg of 

exopolysaccharide was hydrolyzed with 4 mL TFA (2 mol L
-1

) at 110°C for 2 h. 

After removing the residual TFA with methanol under reduced pressure, the 

sample was dissolved in 0.6 mL of pyridine and reacted with 10 mg of 

hydroxylamine hydrochloride and 2 mg of inositol (as internal reference) for 30 
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min at 90°C. Afterward, 0.8 mL of acetic anhydride was added and incubated for 

another 30 min at 90°C. Seven standard sugars (ribose, rhamnose, arabinose, 

xylose, mannose, glucose, and galactose) were converted to their acetylated 

derivatives according to the above-mentioned method. One microliter of sample 

derivatives was injected into Agilent 6890 N GC equipped with an HP-5 fused 

silica capillary column (30 m × 0.32 mm × 0.25 mm) and a flame ionization 

detector. The oven temperature was maintained at 120°C for 3 min, and then 

increased gradually to 210°C at a rate of 3°C min
-1

. The relative molar proportions 

of sugars in exopolysaccharide were calculated by the area normalization method 

according to the chromatogram. 

2.2.8. Methylation and GC-MS analysis of exopolysaccharide 

Methylation analysis of exopolysaccharide was carried out according to the 

published methods (Guo et al., 2008; Yin et al., 2012) with minor modifications. 

The dried exopolysaccharide was dissolved in anhydrous dimethyl sulphoxide. 

Dry sodium hydroxide (30 mg) was added, and the mixture was stirred for 3 h at 

20℃. Methyliodide was added into the mixture. The reaction was stopped by 

adding water. The methylated exopolysaccharides were then extracted with 

chloroform followed by washing with distilled water for three times. They were 

acetylated with acetic anhydride to obtain partially methylated alditol acetates 

(PMAA). GC-MS analysis of exopolysaccharide was conducted on a DB-5 ms 

capillary column (0.25 μm × 0.25 μm × 30m) using a temperature programing of 

60℃ to 280℃ at 5℃/min. Helium was used as the carrier gas. The components 
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were identified by a combination of the main fragments in their mass spectra and 

relative GC retention times, comparing with the literature (Yin et al., 2012; Wang 

et al., 2007). 

2.2.9. Circular dichroism (CD) study of exopolysaccharide  

The CD spectrum of the Congo red-exopolysaccharide complex was measured in 

a Jasco model J-810 sepctropolarimeter by referring a literature (Ramesh and 

Tharanathan, 1998). Sample were scanned at 2 mg mL
-1

 concentration and 

specific ellipticity [θ] was calculated by the equation [θ] = H × S/L × C, Where H 

is the height of the peak (cm), S is scale sensitivity, L is the path length and C is 

the concentration (g mL
-1

). 

2.2.10. Measurement of infrared (IR) spectrum of exopolysaccharide 

The IR spectrum of the exopolysaccharide was determined using a TENSOR 27 

FT-IR spectrophotometer (Bruker Corporation, Karlsruhe, Germany). The sample 

was ground with spectroscopic grade KBr powder and then pressed into 1 mm 

pellets for FT-IR determination in the frequency range of 4000–400 cm
-1

. 

2.2.11. Thermogram analysis (TGA) 

For TGA study STA 409 PC Luxx TG/DTA thermal system (Netzsch, Germany) 

was employed. This system operates at atmospheric pressure. Compatible system 

software was used to control various parameters including temperature. Variable 

system software was also used to record temperature, over period of time through 

installed thermo couples that have connecting ends in crucibles. The crucible was 

used made up of Al2O3. Sample of polysaccharide (10 mg) was placed in crucible. 
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System was programmed for linear heating at rate of 10°C min
-1

 rise in 

temperature in 1 min over a temperature range of 25-100°C. Separate experiments 

were performed in air and nitrogen atmosphere. The flow rate for nitrogen was 

maintained at 50 mL min
-1

. System was initially calibrated for temperature 

reading using indium as melting standard (Ahmed et al., 2013).  

2.2.12. NMR spectrum of exopolysaccharide 

All NMR spectra were measured on Bruker Avance III 600 (Bruker Corporation, 

Karlsruhe, Germany). The samples were dissolved in D2O with 2, 

2-dimethyl-2-silapentane-5-sulfonic acid sodium salt, as an internal standard, 

while data were acquired at 298 K. Standard Bruker pulse sequences and usual 

processing parameters were used for heteronuclear singular quantum correlation 

(HSQC). Chemical shifts (δ) are expressed in ppm, coupling constants (J) in Hz.  

2.2.13. SEM analysis of exopolysaccharide 

SEM technique was used for characterization of exopolysaccharide. Sample was 

fixed on aluminum stub and gold sputtered and examined through KYKY-2800 

SEM (KYKY Technology Co., Ltd., Beijing, China) by maintaining an 

accelerated voltage of 10 kV. 

2.2.14. Statistical analysis 

Analyses were performed in triplicate. Statistical analysis was performed using 

SPSS17.0 software package for Windows (SPSS Inc., Chicago, U.S.A.). One way 

analysis of variance (ANOVA) was conducted, and Ducan’s multiple range tests 

were used, and p < 0.05 was considered statistically significant. 
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2.3. Results and discussion 

2.3.1. Isolation and purification of exopolysaccharides from the mycelial culture 

of S. commune 
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Fig. 2.1. Isolation and purification of exopolysaccharide from S. commune. (A) Elution 

profile of crude polysaccharide on DEAE–52 anion-exchange column; (B) Elution profile of 

peak a on Sephadex G–150 gel filtration column. 

Exopolysaccharide from the mycelial culture S. commune was firstly eluted 

through a DEAE–52 anion-exchange column to yield two peaks (a and b) (Fig. 

2.1 (A)). Peak a (the main peak) was further purified by Sephadex G–150 gel 

filtration chromatography. Elution curve was shown as Fig. 2.1 (B). Elution 

product was collected, dialyzed and lyophilized to obtain a purified 

exopolysaccharide. 

(A) 

(B) 

a 
b 
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2.3.2. Elemental analysis 

The C, H and N content (% w/w) of the exopolysaccharides was determined by 

elemental analysis. The elemental analysis of this exopolysaccharide gave the 

following results: C, 25.84%; H, 5.45%; and N, 0.65%. Usually, 

polysaccharide-rich samples do not contain nitrogen or show only small amounts 

of this element (up to 1%) (Synytsya et al., 2009). The amount of nitrogen (% 

w/w) in exopolysaccharides obtained by elemental analysis is 0.65% in current 

study. Synytsya et al. (2009) proposed that nitrogen originated from proteins or 

from chitin. These proteins are probably bound to soluble glucans, and the Sevag 

method was not able to separate protein from protein-glucan complex completely. 

Results of elemental analysis were not in agreement with those published for 

aminated-derivatized exopolysaccharides (C, 37.94%; H, 5.84%; and N, 4.19%) 

from oat. It was then speculated that the different phenomena might depend on the 

different sources of polysaccharides: mushroom and oat.  

2.3.3. Chemical compositions of exopolysaccharide from the mycelial culture of S. 

commune 

The carbohydrate, protein, and uronic acid contents of exopolysaccharide were 

determined by colorimetric assays. The LPS was measured using tachypleus 

amebocyte lysate assay-LPS detection assay kit (Shanghai Yixin Company, 

Shanghai, China) (Cheng et al., 2015). In this work, the endotoxin/LPS were not 

detected in the EPS. The total carbohydrate content of exopolysaccharide was 

determined to be 89.0%, which presented high carbohydrate content. The content 
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of protein was 2.2%, and this exopolysaccharide could be proved to be 

protein-bound polysaccharides because the Sevag method has been repeated many 

times to get rid of free proteins (Zhao et al., 2014). Researches showed that the 

protein component is necessary for the potent activity of the complex (Kawagishi 

et al., 1990). Surenjav et al. (2006) has reported the native β-glucan containing 

protein exhibited obvious bioactivities. The uronic acid content of 

exopolysaccharide from the mycelial culture of S. commune was 7.52%. However, 

in the study of Klaus et al. (2011), no uronic acid was found in polysaccharides 

obtained from fruiting bodies of the wild mushroom S. commune. In current work, 

the exopolysaccharide was from mycelial culture of S. commune. Zhao et al., 

(2014) measured the uronic acid content of Plantago depressa polysaccharide was 

10.1%. In another study, the uronic acid content of a water soluble polysaccharide 

from fruiting bodies of Agaricus blazei Murri was 5.5% (Dong et al., 2002). It can 

be speculated that the different uronic acid content obtained might depend on the 

natures of the materials.  

2.3.4. MW of isolated exopolysaccharides 

Polysaccharide showed a single symmetrical peak in gel permeation 

chromatography (GPC) profile, indicating it was a homogeneous polysaccharide 

(Fig. 2.2). There is one peak in the chromatograms in aqueous solution, 

corresponding to the triple helix chains bounded with protein having high 

molecular weight. The MW of exopolysaccharide from S. commune was 2900 

kDa. In another study, The MW of S. commune-derived β-glucan was 1.5 × 10
5
 Da 
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produced
 
by Mitsui Sugar Co., Ltd. (Tokyo, Japan). The MW of the isolated 

polysaccharide depends on several factors, such as extraction temperature, the 

nature of the starting material and fractionation methodology used (Ramesh and 

Tharanathan, 1998). In addition, there are another β-glucan purified from black 

yeast (Aureobasidium spp.) with MW of 1.78 × 10
5 

Da produced by Ace Biotech 

Ltd. (Cheongwon, Korea).  

 

 

 

Fig. 2.2. GPC chromatogram of exopolysaccharide. (Gel permeation chromatography showed 

a single symmetrical pea, indicating it was a homogeneous polysaccharide) 

2.3.5. Monosaccharide compositions of isolated exopolysaccharides 

The monosaccharide compositions of exopolysaccharide were indicated in Table 

2.1. The exopolysaccharide was a heteropolysaccharide and was composed of 

ribose, rhamnose, arabinose, xylose, mannose, glucose, galactose. Glucose was 

the main monosaccharide (57.5%), in accord with the result of polysaccharide 

from the Basidiomycete S. commune was composed of a large amount of glucose 

with smaller amounts of galactose and xylose (Klaus et al., 2011).  
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Table 2.1. Monosaccharides composition of exopolysaccharide from S. commune. 

Monosaccharides Content (%) 

Ribose 3.79 

Rhamnose 0.71 

Arabinose 4.71 

Xylose 1.93 

Mannose 26.8 

Glucose 57.5 

Galactose 4.55 

2.3.6. Methylation analysis 

The exopolysaccharide was methylated and measured by GC-MS in order to 

elucidate the linkages (Table 2.2). The terminals consisted of Ara (3.24%), Glc 

(3.17%) and Gal (0.47%), indicating polysaccharide was significantly branched 

and the side chains were terminated by the Ara residues. The high proportion of 

Ara residues suggested that some terminal Ara residues existed in the Ara side 

chains, and others were attached to the highly branched Gal side chains or 

connected to the back bone directly (Yin et al., 2012; Sun et al., 2010). The low 

proportion of terminal residues of Gal (0.47%) indicated that a part of the Gal side 

chains were terminated by the Ara residues.  

Table 2.2. GC-MS analysis for methylation of exopolysaccharide from S. commune. 

 PMAA*  Relative percentage (%) 

1,2,3,4,5-Me5-Ara 3.24 

1,3,4,5,6-Me5-Fru 0.14 

1,2,3,4,5-Me5-Sor 0.18 

2,3,4,5,6-Me5-Glc 3.17 

1,2,3,4,5,6-Me6-Gal 0.47 

*PMAA: Partially O-methylated alditol acetates. 
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2.3.7. Circular dichroism (CD) analysis 

CD study of the exopolysaccharide complex with Congo red (Fig. 2.3) gave a 

positive band at 192 nm, which is exclusively composed of β-(1→3)-linkages. 

The CD spectrum data were similar to those published polysaccharide (Ramesh 

and Tharanathan, 1998). 
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Fig. 2.3. CD spectrum of Congo red complex with exopolysaccharide. (A positive band at 192 

nm, which is composed of β-(1→3)-linkages)  

2.3.8. The IR spectrum of isolated exopolysaccharide 

The IR spectrum of isolated exopolysaccharide was shown in Fig. 2.4. FT-IR 

spectrum keep it collected to confirm the composition of each of the extracted 

carbohydrates or mixtures. The strong band at 3386 cm
-1

 was assigned to the 

hydroxyl stretching vibration of the exopolysaccharide. The specific intense peaks 

at 2934 cm
-1

 were due to the C-H stretching vibrations respectively (Li et al., 

2012). The high absorbency ranged of 1082 cm
-1

 was the characteristic absorption 

peak of exopolysaccharide. This absorbance was attributed to the C-O-C and 

C-O-H link band. The exopolysaccharide exhibit characteristic absorption at 890 

cm
-1 

for the β-configuration. It was in agreement with previously published result 
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in which reported that polysaccharides showed an absorption band at 890 cm
-1

 

assignable to the β-linkage, while two broad and intense bands and a shoulder 

appeared at about 1065, 1020, and 990 cm
-1

 (Robert et al., 2005). A band in the 

region of 1611 cm
-1

 was due to associated water (Cao et al., 2006) and 1723 cm
-1 

was C=O from uronic acids. The tiny signals at 2362 cm
−1

 might be indicative of 

protein presence (N-H absorbing groups) (Yang et al., 2012; Choma et al., 2013).  

 

Fig. 2.4. FT-IR spectrum of exopolysaccharide in the range of 4000–400 cm
-1

. (The high 

absorbency ranged of 1082 cm
-1

 was the characteristic absorption peak of exopolysaccharide; 

The exopolysaccharide exhibit characteristic absorption at 890 cm
-1 

for the β-configuration; 

The tiny signals at 2362 cm
−1

 might be indicative of protein presence) 

2.3.9. Thermogram analysis (TGA) 

Along with other physiochemical characteristics, applicability of exopolymer is 

mainly dependent on its rheological and thermal behavior (Marinho-Soriano and 

Bourret, 2005). It is worth noting that thermal energy is one powerful tool to 

breaking hydrogen bonds (Wang et al., 2008a). The time-temperature integral is 

the singularly most effective stimulus on the polysaccharide disperse system, from 

the mildest process that insures safety and elementary dissolution to the severest 

process that initiates chemical decomposition. The TGA for polysaccharide was 

carried out dynamically (weight loss versus temperature). The experimental 
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results were shown in Fig. 2.5. A degradation temperature (Td) of 278.9°C was 

determined from the TGA curve for polysaccharide. Ahmed et al. (2013) 

suggested that the Td for locust gum, xanthan gum and Lactobacillus 

kefiranofaciens ZW3 EPS is 278.46°C, 282.65°C and 299.62°C, respectively. 

Polysaccharide showed the similar Td compared with locust gum and xanthan 

gum. However, polysaccharide showed a bit lower Td than L. kefiranofaciens 

ZW3 EPS. The slightly different behavior of different polymers in TGA may be 

attributed to their structure and composition. 

 

Fig. 2.5. Thermogram curves of S. commune polysaccharide. (TG: Thermogram; DTG: 

Differential thermogram; DSC: Differential scanning calorimetry) (A degradation temperature 

of 278.9°C was determined) 

2.3.10. Structural features of isolated exopolysaccharide 

NMR spectroscopy is a powerful tool in structural analysis of fungal 

polysaccharides (Synytsya and Novák, 2013). The 
1
H spectrum (Fig. 2.6 (A)) of 

exopolysaccharide indicated a chemical shift in the anomeric region at 4-6 ppm. 

Signal of 4.6 was obtained in current spectrum, corresponding to the chemical 

shift (ppm) of β-glucan (Gonzaga et al., 2005; Guerra Dore et al., 2007). The 

HSQC spectrum of anomeric region of exopolysaccharide at 298 K was shown in 
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Fig. 2.6 (B). According to glucose anomeric structure, it is possible to distinguish 

α-D-glucans, β-D-glucans and mixed α, β-D-glucans. By comparison of the 

spectra, the exopolysaccharide components are (1→3)-linked β-glucose or 

β-mannose (1→) (δ H-1 4.77) (Cho et al., 2008; Silveira et al., 2014). The signals 

in the non-sugar region (0.5-3 ppm for 
1
H) originate from the presence of proteins 

(Gonzaga et al., 2005). Signals in the 
13

C NMR spectrum of polysaccharide were 

assigned as much as possible, according to literature values (Ramesh and 

Tharanathan, 1998; Yin et al., 2012). The anomeric signals in the 
13

C NMR 

spectrum of polysaccharide (Fig. 2.6 (C)) were assigned partly according to 

correlations in the HSQC spectrum. 
13

C NMR spectrum of polysaccharide showed 

three signals at 72.46, 70.54 and 63.06 ppm corresponding to C-2, C-4 and C-6 

nuclei, respectively. This indicates that (1→4)- and (1→6)-glucosidic side chain 

were found in this exopolysaccharide. It is well known that (1→6)-β-glucosidic 

linkage is an important factor in influencing the biological activity, such as 

antitumor effect (Borchers et al., 1999). The low-field chemical shifts indicated 

Ara residues were in furnanose form and adopted α-anomeric donfiguration (Xu et 

al., 2010). 
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Fig. 2.6. (A) The 
1
H-NMR spectrum of exopolysaccharide measured at 298 K; (B) The HSQC 

spectrum of exopolysaccharide at 298 K; (C) The 
13

C NMR spectrum of exopolysaccharide. 

(In 
1
H spectrum, signal of 4.6 was obtained in current spectrum, corresponding to the 

chemical shift of β-glucan; 
13

C NMR spectrum showed the signals at 70.54 and 63.06 ppm 

corresponding to C-4 and C-6 nuclei, respectively.) 

2.3.11. SEM analysis of isolated exopolysaccharide 

SEM is mostly used for imaging of polysaccharide and has been reported by many 

researchers (Goh et al., 2005) and as a very useful tool to study surface 

topography of polymers (Wang et al., 2010; Ahmed et al., 2013). SEM result of 

(A) 

(B) 

(C) 
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exopolysaccharide was indicated in Fig. 2.7. This exopolysaccharide looks like 

thin film with smooth and glittering surface. Furthermore, the SEM scan showed 

that the exopolysaccharide was made of a homogeneous matrix.  

  

Fig. 2.7. Micrograph of exopolysaccharide assessed by SEM at 1000 ×. (SEM scan showed 

that the exopolysaccharide was made of a homogeneous matrix.) 

  Much of the SEM properties of exopolysaccharide are similar to the properties 

of polymer reported by Piermaria et al. (2008; 2009) and Ahmed et al. (2013), but 

was different from exopolysaccharide isolated from Lactobacillus plantarum KF5 

reported by Wang et al. (2010), in which the surface of polysaccharide was dull 

and had pores. 

2.4. Summary 

In present work, an exopolysaccharide was isolated, purified and characterized 

from S. commune. This exopolysaccharide exhibites homogeneity with MW of 

2900 kDa and many evidences presented that it was bounded with protein, 

indicated as heteropolysaccharide with a β-type glycosidic linkage. It belongs to a 

kind of β-(1→3)-D-glucans consisting of a backbone of β-(1→3)-linked glucose 

residues substituted with (1→4) and (1→6)-β-D-glucopyranosyl residues on 

main-chain residues. Monosaccharide composition analysis show that the 
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exopolysaccharide consisted with ribose, rhamnose, arabinose, xylose, mannose, 

glucose, galactose. Glucose (57.5%) was the main content of monosaccharide. 

The degradation temperature of exopolysaccharide is 278.9°C from thermogram 

analysis curve. This exopolysaccharide looks like thin film with smooth and 

glittering surface in SEM photography. It is clear from these images that the 

exopolysaccharide is linear in structure and branched or coiled in aqueous 

solution. 
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CHAPTER III  

Evaluation on anti-inflammatory activity of a native 

exopolysaccharide from submerged mycelial fermentation 

of S. commune in cell model and animal model 
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3.1. Introduction 

Fungi are an attractive source of physiologically functional foods and drug 

precursors, displaying a wide range of pharmacological activities such as 

anti-inflammatory, antitumor and immuno-modulating effects. Fungi are also used 

increasingly in food and pharmaceutical industry. Fungi-derived natural products 

have been an excellent source of pharmaceuticals as well. The polysaccharide 

β-D-glucans are components that are found in some mushrooms, and unicellular 

fungi such as yeast (baker’s yeast and Candida albicans). All β-glucans are 

glucose polymers linked together through a 1→3 linear β-glycosidic chain core 

and they differ from each other by their lengths and branching structures. The 

branches derived from the glycosidic chain core are highly variable and the two 

major groups of branching are 1→4 or 1→6 glycosidic chains. These branching 

assignments appear to be species specific, fungal β-glucans have 1→6 side 

branches. β-Glucans such as krestin, lentinan and schizophyllan from different 

fungi have diverse immuno-modulatory activities both in vitro and in vivo. The 

interest of researchers in mushrooms as natural sources of active principles has 

noticeably increased during the past a few decades and particular attention has 

been paid to the polysaccharide components of various mushrooms.  

  Inflammation is the first biological response of the immune system to infection 

or irritation. There is no clear dividing line between acute and chronic 

inflammation, but the former generally refers to a response that has an abrupt 

onset and is of short duration. Chronic inflammatory responses are predispose to a 
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pathological progression of chronic illnesses characterized by infiltration of 

inflammatory cells, excessive production of cytokines, dysregulation of cellular 

signaling and loss of barrier function. In the inflammatory response, there is an 

increase of permeability of endothelial lining cells and influxes of blood 

leukocytes into the interstitium, oxidative burst, and release of cytokines. Besides 

infection, a number of dysregulated immune reactivity has been associated with 

the fungus and certain fungal components. Fungal polysaccharide is known to 

have anti-inflammatory properties, and several studies have demonstrated the 

beneficial effects of dietary polysaccharide on IBD. Some experimental studies 

have reported the biological properties of polysaccharide, especially their 

anti-inflammatory, antioxidant, and antitumor effects. In vitro experiments showed 

that polysaccharide can directly activate leukocytes, and further stimulate their 

phagocytic, cytotoxic, and antimicrobial activities.  

  Moreover, the most promising biological properties of these polysaccharides 

are their immune modulating and anti-cancer effects. A possible mechanism is that 

these polysaccharides are suggested to enhance cell-mediated immune responses 

in vivo and in vitro and act as biological response modifiers. Furthermore, the 

anti-inflammatory activities of polysaccharide also had been studied in these years. 

Du et al., (2015) reviewed the anti-inflammatory effects of fungal beta-glucan (a 

kind of polysaccharide). It has been found that a beta-glucan from Alcaligenes 

faecalis was capable of inducing IL-10-producing CD4 (+) T cells and inhibiting 

the development of eosinophilic airway inflammation (Kawashima et al., 2012). It 
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has been proposed that the potent anti-inflammatory activity of polysaccharide, 

possibly due to the inhibition of pro-inflammatory cytokines or enhancing 

production of anti-inflammatory cytokines (Wang et al., 2014c).  

  The aim of this chapter was to evaluate the anti-inflammatory effects of 

exopolysaccharide from submerged mycelial fermentarion of S. commune by 

determination of iNOS mRNA expression in RAW 264.7 macrophage cells and 

NO and 5-LOX production using enzyme-linked immuno-sorbent assay (ELISA). 

In addition, the effects and mode of action of exopolysaccharide from S. commune 

on experimental colitis in mice induced by DSS were also evaluated. 

3.2. Materials and methods 

3.2.1. Materials and chemicals 

Dulbecco’s Modified Eagle’s Medium (DMEM) was purchased from Gibco-BRL 

(Gaithersburg, MD, U.S.A.). Fetal bovine serum (FBS), penicillin, streptomycin, 

carbazole and 3-(4, 5-dimethylthiazol-2-yl-2, 5-diphenyltetrazolium bromide 

(MTT) were obtained from Sigma-Aldrich (St. Louis, MO, U.S.A.). Dextran 

sodium sulphate (DSS) (MW: 36, 000-50, 000 Da) was bought from MP 

Biomedicals compony (Illkirch, France). 

3.2.2. Cell culture  

RAW 264.7 murine macrophages were obtained from American Type Culture 

Collection (ATCC, Rockville, MD, U.S.A.). These cells were cultured at 37°C 

under 5% CO2-humidified air in DMEM supplemented with 10% FBS, 100 U 

mL
-1

 penicillin, and 100 μg mL
-1

 streptomycin. 
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3.2.3. Assay for cell viability 

Cell viability was assessed using the MTT assay as described previously (Shin, 

2008). In brief, RAW 264.7 cells were seeded into a 96-well plate at a density of 

1.0 × 10
4 

cells per well and incubated at 37°C for 24 h. The cells were then treated 

with various concentrations of the samples. 100 μL of MTT (0.5 mg mL
-1

 in 

phosphate buffer saline (PBS)) was added to the wells after additional 24 h 

incubation at 37°C, and the incubation continued for another 2 h. The resulting 

color was assayed at 540 nm using a microplate spectrophotometer (Molecular 

Devices, CA, U.S.A.). 

3.2.4. Determination of NO production in LPS-induced RAW 264.7 cells 

The nitrite concentration in the medium was measured by Griess reagent as an 

indicator of NO production as previously described (Shin et al., 2008; Li et al., 

2014). Briefly, RAW 264.7 cells (1.0 × 10
5
 cells/well in a 24-well plate with 500 

μL of culture medium) were pretreated with samples for 1 h and incubated for 16 

h with LPS (100 ng mL
-1

). After incubation, the nitrite concentration of the 

supernatants (100 μL/well) was measured by adding 100 μL of Griess reagent. To 

quantify the nitrite concentration, standard nitrite solutions were prepared, and the 

absorbance of the mixtures was determined using the microplate 

spectrophotometer (Molecular Devices, CA, U.S.A.) at a wavelength of 540 nm. 
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3.2.5. Determination of 5-LOX production in LPS-induced RAW 264.7 cells 

The inhibition of 5-LOX was measured using a colorimetric 5-LOX inhibitor 

screening kit (Cayman Chemical Co., Ann Arbor, MI, U.S.A.) according to the 

manufacturer’s instructions.  

3.2.6. Real-time PCR analysis of iNOS mRNA 

The real-time PCR was conducted to determine iNOS mRNA. Briefly, total RNA 

was isolated from RAW 264.7 cells using a TRIZOL reagent kit (Life 

technologies, Invitrogen, Carlsbad, CA, U.S.A.) according to the manufacturer’s 

instructions. cDNA was synthesized using the SuperScript® First-Strand synthesis 

system for Reverse transcription-polymerase chain reaction (RT-PCR) (Invitrogen, 

Carlsbad, CA, U.S.A.) under the manufacturer's instruction. Quantitative real-time 

PCR was performed on the ViiA™ 7 Real-Time PCR System (Applied 

Biosystems, Foster city, CA, U.S.A.) with Power SYBR GREEN Master Mix 

(Applied Biosystems, Foster city, CA, U.S.A.). The primer sequences for iNOS 

and beta-actin are as follows:  

iNOS, 5’-CACCTTGGAGTTCACCCAGT-3’and 

5’-ACCACTCGTACTTGGGATGC-3’; beta-actin, 

5’-GGACAGTGAGGCCAGGATGG-3’ and 

5’-AGTGTGACGTTGACATCCGTAAAGA-3’.  

 

 

 

 



 51 

3.2.7. In vivo experimental design  

 

  

                         

 

 

 

 

 

 

 

 

 

 

 

Fig. 3.1. Schematic diagram of the experimental study design. The mice were divided into 5 

groups: Control, DSS, positive, exopolysaccharide (2.5 mg kg
-1

 body weight), and 

exopolysaccharide (5 mg kg
-1

 body weight). The control group was given autoclaved water 

for 20 days; the other 4 groups were given autoclaved water for the first 7 days, and then were 

given water containing 2% DSS for 7 days. The positive group was given 50 mg kg
-1

 

sulfasalazine for 6 days. The polysaccharide group was given different concentrations for 6 

days. (DSS: Dextran sulfate sodium; SASP: Sulfasalazine; MPO: Myeloperoxidase; HE 

staining: Haematoxylin and eosin staining) 

Male 5-week-C57BL/6 mice were randomized into groups differing in treatment 

conditions and doses of exopolysaccharide (Fig. 3.1). Group 1 (control) received 
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were given 2% (w/v) DSS in their drinking water for 7 days for induction of 

colonic inflammation. Group 3 (positive group) received 50 mg kg
-1

 sulfasalazine 

(SASP) for 6 days. Group 4 and group 5 received exopolysaccharide at 2.5 and 5 

mg kg
-1

 body weight for 6 days, respectively. All animals received humane care, 

and the study protocols were approved by the Committee for Care of Laboratory 

Animals in the School of Chinese Medicine at the Hong Kong Baptist University. 

3.2.8. Evaluation of the disease activity index 

Diarrhea scoring and bleeding scoring were performed as modified criteria 

according to the method previously described (Shin et al., 2015). (Diarrhea score 

and bleeding score were each divided into 5 grades of diarrhea score: (0: normal 

stool; 1: mildly soft stool; 2: soft stool; 3: very soft stool; 4: watery stool; 5: 

completely watery stool) and bloody feces score (0: normal colored stool; 1: 

brown stool; 2: reddish stool; 3: mildly bloody stool; 4: bloody stool; 5: very 

bloody stool).  

3.2.9. Blood collection and tissue harvesting 

Thereafter, the mice were sacrificed by cervical dislocation. The mice were deeply 

anesthetized with sodium pentobarbital followed by bleeding from the carotid 

artery (Jia et al., 2014). Plasma was obtained by centrifuging blood at 1, 000 × g 

for 15 min at 4°C. The colon was removed from each mouse, and the length of the 

colon (from the ileocecal junction to the anal verge) was measured. Three sections 

(each measuring 1 cm in length) were dissected, and the sections were used for 

histological analysis, myeloperoxidase (MPO) measurement and ELISA assay. 
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Tissue samples were fixed by paraffin, and then the paraffin blocks were frozen in 

liquid nitrogen and stored at –80°C until further study. 

3.2.10. Colon histology  

The sections were stained with haematoxylin and eosin, and histological analysis 

was performed in a blinded fashion. The histological score of individual mouse 

were calculated by the sum of the scores of all three parts as described in Table 

3.1 (Ito et al., 2006).  

Table 3.1. Histological scores*.  

Score Epithelial damage (E) Infiltration (I) 

0 Normal morphology No infiltrate 

1 Loss of goblet cells Infiltrate around crypt basis 

2 Loss of goblet cells in large areas Infiltrate reaching to muscularis mucosae 

3 Loss of crypts 

Extensive infiltration reaching the 

muscularis mucosae, thickening of the 

mucosa with abundant oedema 

4 Loss of crypts in large area Infiltration of the submucosa 

*The degrees of epithelial damage (E) and infiltration (I) were quantified as described, and 

histological score were defined as the sum of the two parameters.  

3.2.11. Myeloperoxidase activity 

The level of tissue MPO was determined by a standard enzymatic procedure as 

described previously with minor modifications (Lavi et al., 2010). In brief, the 

colon tissue specimen (50-70 mg) was homogenized on ice in PBS (pH 6.5) with 

0.5% (w/v) hexadecyltrimethylammonium bromide by three 30 s pulses in a 

Polytron-type homogenizer (Daigger Lab Equipment and Supplies, IL, U.S.A.). 

The homogenate were then sonicated for 20 s following each of three 15 min 

freeze-thaw cycles. The sample was centrifuged at 20, 000 × g for 30 min at 4°C, 
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and the supernatant fraction was collected. This sample (100 mL) was added to 

2.9 mL PBS (pH 6.5) containing O-dianisidine hydrocholoride (0.167 mg mL
-1

) 

and 0.0005% (v/v) H2O2. The sample’s absorbance at 460 nm was measured using 

a spectrophotometer at 25°C. The values were standardized using concentrations 

between 0.019 and 0.625 units purified peroxidase per mL dissolve in 

hexadecyltrimethylammonium bromide buffer. A 1 unit of change in MPO level 

was defined as the value that can degrade 1 mmol H2O2 per min at 25°C. The 

values were then calculated as product concentration (U mL
-1

) divided by mg 

colon weight. 

3.2.12. Preparation of colon tissue sample from mice 

The colonic tissue specimen (50-70 mg) was homogenized on ice in PBS (pH 6.5) 

with Triton X-100 by three 30 s pulses in the Polytron-type homogenizer (Daigger 

Lab Equipment and Supplies, IL, U.S.A.). The homogenate was then sonicated for 

20 s following each of three 15 min freeze-thaw cycles. The sample was 

centrifuged at 20, 000 × g for 30 min at 4°C, and the supernatant fraction was 

collected for NO determination and cytokines ELISA assay.  

3.2.13. Determination of NO production of colon tissue from mice 

The NO in the colon tissue was measured using Griess reagent according to 

Section 3.2.4. 

3.2.14. ELISA assay for seven cytokines of colon tissue and blood from mice  

All samples were run in duplicate and were assayed for murine IL-4, IL-6, IL-10, 

IFN-γ, TNF-α, IF-1β and IL-17A using MILLIPLEX MAP Mouse Th17 Magnetic 
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bead-based kits (# 2602803), the cytokine reagent kit and either the diluent kit for 

serum samples (Datta and Opp, 2008). The assays were run according to 

manufactures recommended procedures. In brief, all buffers and diluents were 

warmed to room temperature prior to use. Lyophilized cytokine standards were 

reconstituted first to a master standard stock using 500 μL diluent according to 

manufacturer’s directions. Four-fold serial dilutions of the master standard stock 

provided eight concentrations used to determine a standard curve. The 

concentration ranges of the standards were: IL-6: 7.8-8000 pg mL
-1

; TNF-α: 

3.4-3500 pg mL
-1

; IL-1β: 0.15-15000 pg mL
-1

; IFN-γ: 7.8-8000 pg mL
-1

; IL-4: 

1.5-15000 pg mL
-1

; IL-10: 20-20000 pg mL
-1

; IL-17A: 39-40000 pg mL
-1

.  

Table 3.2. Parameters of calibration curves for method validation. 

Cytokines Range (pg mL
-1

) Average recovery (%) R
2
 

IL-1β 0.15-15000 100.14 0.9995 

IL-4 1.5-15000 100.00 0.9999 

IL-6  7.8-8000 100.09 0.9989 

IL-10 20-20000 100.06 0.9993 

 IL-17A  39-40000 99.99 0.9999 

 IFN-γ 7.8-8000 100.19 0.9988 

TNF-α 3.4-3500 101.42 0.9912 

After completion of all steps in the assay, the plates were read in the Luminex 

200 XMAP Technology (Millipore Corporation, Billerica, MA, U.S.A.) and the 

data were analyzed using Luminex xPONENT software with five parameter 

logistic regression fitting curve. The goodness of fit for each point on the standard 

curve was determined by the MILLIPLEX Analyst software as a back-calculation 

of standards. Each point on the standard curve was within the acceptable range of 
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80-120% of actual levels (Table 3.2), which is an acceptable range for this 

measure (Nix and Wild, 2001). 

3.2.15. Statistical analysis 

The data are presented as mean ± SD. Statistical significances were evaluated 

using one way ANOVA, followed by Ducan’s new multiple range tests. SPSS 17.0 

software was used for all calculations, and p < 0.05 was considered statistically 

significant. 

3.3. Results and discussion 

3.3.1. Effects of isolated exopolysaccharide on cell viability 

To determine the cytotoxic effect of the exopolysaccharide on RAW 264.7 cells, 

the cells were treated with different concentrations (50-800 μg mL
-1

) of 

exopolysaccharide and incubated for 24 h. As shown in Fig. 3.2, the 

exopolysaccharide did not affect cell viability at the concentration of 200 μg mL
-1

. 

0

20

40

60

80

100

120

140

0 50 100 200 400 800

Concentration (μg/ml)

C
el

l 
vi

ab
il
it
y 

(%
 o

f 
co

nt
ro

l)

 

Fig. 3.2. Effects of exopolysaccharide on RAW 264.7 cells viability. RAW 264.7 cells were 

incubated with exopolysaccharide (50-800 μg mL
-1

) for 24 h and cell viabilities were 

estimated by a colorimetric assay using MTT. * p < 0.05, compared with control groups. 

* 

* 
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3.3.2. Effects of isolated exopolysaccharide on LPS-induced 15-LOX production 

in RAW 264.7 cells  

Since NO level is important in the evaluation of the extent of inflammation, the 

effects of exopolysaccharides on NO production was investigated. 

Pro-inflammatory agents, such as LPS, can significantly increase NO production 

in macrophages through activation of iNOS (Kojima et al., 2000). Moreover, 

5-LOX is a key enzyme in the synthesis of leukotrienes, inflammatory mediators 

of arachidonic acid (Qu et al., 2000). RAW 264.7 cells were incubated for 16 h 

with LPS (100 ng mL
-1

) in the presence of different concentrations (50-200 μg 

mL
-1

) of exopolysaccharide. The effects of the exopolysaccharide on 5-LOX 

production were investigated. From Fig. 3.3 (A), the exopolysaccharide decreased 

the production of 5-LOX, but not in a dose-dependent manner.  

3.3.3. Effects of isolated exopolysaccharide on iNOS mRNA expression levels in 

LPS-induced RAW 264.7 cells  

LPS is the main component of endotoxin, arrests macrophage proliferation and 

activates them to produce pro-inflammatory factors. NO is derived from the 

oxidation of L-arginine through three isoforms of nitric oxide synthase (NOS), 

namely neuronal (nNOS) and inducible (iNOS). Both iNOS and COX-2 are 

important enzyme mediators that mediate inflammatory processes (Wang et al., 

2008b). The current results indicated that the isolated exopolysaccharide inhibited 

LPS-induced iNOS mRNA expression levels in a dose-dependent manner (Fig. 

3.3 (B)). Lee et al. (2009) suggested that a polysaccharide from Agrocybe 

chaxingu inhibited LPS-induced mRNA expression levels of iNOS and COX-2 in 
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a dose-dependent manner. Moreover, Wang et al. (2014a) reported the 

anti-inflammation activity of a water-insoluble β-(1→3)-D-glucan (derived from 

Ganoderma lucidum) against LPS induced RAW 264.7 cells. The RT-PCR results 

revealed the down-regulation of iNOS and TNF-α mRNA gene expression.  
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Fig. 3.3. (A) Effects of exopolysaccharide on LPS-induced 5-LOX production. RAW 264.7 

cells were pretreated with exopolysaccharide (50-200 μg mL
-1

) for 1 h before incubation with 

LPS (100 ng mL
-1

) for 16 h; (B) Effects of exopolysaccharide on LPS-induced iNOS mRNA 

levels in RAW 264.7 cells. The cells were pretreated with the exopolysaccharide for 1 h 

before incubation with LPS (100 ng mL
-1

) for 16 h and total RNA was extracted. iNOS 

mRNA were measured by RT-PCR using specific primers. ## p < 0.01, compared with control 

group; * p < 0.05, compared with LPS group.  
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However, Hashimoto et al. (1997) suggested that alkaline-treated schizophyllan (a 

kind of β-glucan from S. commune) was effective for iNOS production not only in 

isolated macrophages but also in tissue macrophages. It found that a single helical 

conformer is essential for iNOS production. The differences of polysaccharides in 

biological activities were probably due to their structural differences. In addition, 

conformation, monosaccharide compositions, linkage types and molecular weight 

may affect their anti-inflammatory activities (Zhao et al., 2014). Further studies 

will be focused on the investigation of the relationship between polysaccharides 

structure and anti-inflammatory activity.  

3.3.4. Effect of exopolysaccharide on changes in body weight and colon length of 

mice with DSS-induced colitis 

We demonstrated the effects of exopolysaccharide on DSS-induced colitis in mice. 

In one study, Lee et al. (2014) investigated that beat-glucan prevented DSS-induce 

IBD when orally administered with 2.5 or 5 mg kg
-1

. Based on this study, doses of 

2.5 and 5 mg kg
-1

 exopolysaccharide from S. commune were selected for the 

present work. Mice were administered exopolysaccharide by oral gavage, and 2% 

DSS provided to the mice through water bottles. On day 5, the body weight of the 

DSS group had reduced compared with the control group. Exopolysaccharide 

supplementation recovered this loss in body weight (Fig. 3.4). The result indicated 

that exopolysaccharide significantly prevented body weight loss induced by DSS.  

  Moreover, after killing, the length of the colon from the colocaecal junction to 

the anal verge was measured. A reduction of colon length serves as a major 
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macroscopic marker for tissue injury caused by colon inflammation (McNamee et 

al., 2011). As shown in Fig. 3.5 and 3.6, DSS caused shortening and thickening of 

the colon, and exopolysaccharide treatment significantly inhibited these effects. 
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Fig. 3.4. Effect of exopolysaccharide on the body weight change of mice with DSS-induced 

colitis. 
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Fig. 3.5. Effect of exopolysaccharide on the colon length of mice with DSS-induced colitis. # 

* p < 0.05, compared with control group; p < 0.05, compared with DSS group.  
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Fig. 3.6. The length of colon of mice with DSS-induced colitis. (Exopolysaccharide treatment 

significantly inhibited the shortening and thickening of the colon ) 

3.3.5. Effect of exopolysaccharide on the disease activity index of mice with 

DSS-induced colitis 

The diarrhea and fecal blood symptoms were examined induced by DSS before 

dissection. Exopolysaccharide treatment recovered the diarrhea and fecal blood 

symptoms induced by DSS (Fig. 3.7 and 3.8).  

0

0.5

1

1.5

2

2.5

3

3.5

4

4.5

Control DSS Positive Polysaccharide

D
ia

rr
h
ea

 s
co

re

 

Fig. 3.7. Effect of exopolysaccharide on the diarrhea of mice with DSS-induced colitis. ## p < 

0.01, compared with control group; * p < 0.05, compared with DSS group. 

(Exopolysaccharide treatment recovered the diarrhea induced by DSS) 
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Fig. 3.8. Effect of exopolysaccharide on the fecal bleeding of mice with DSS-induced colitis. 

## p < 0.01, compared with control group; * p < 0.05, compared with DSS group. 

(Exopolysaccharide treatment recovered the fecal blood symptoms induced by DSS) 

3.3.6. Histological analysis 

 

 
Fig. 3.9. Histological analysis of DSS-induced colitis in mice. Colon sections (5 mm thick) 

were stained with haematoxylin/eosin. Representative micrographs of the colonic tissues 

(H&E staining) are from mice administered autoclaved water only (control group) (A) or 

water containing 2% DSS (DSS group) (B), 2% DSS plus exopolysaccharide 

(DSS-exppolysaccharide group) (C). The histological changes were observed on day 20 by 

microscopy. The original amplification was 200 ×. (Exopolysaccharide could suppress the 

inflammation, mucosal and crypt damages and particularly lymphocyte infiltration induced by 

DSS.) 

In this work, the inflammation indices, such as mucosal and crypt damages and 

lymphocyte infiltration in both the proximal and distal colon were evaluated. 

Generally, DSS induced more severe mucosal damage and inflammation in the 
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distal colon than in the proximal colon, which demonstrated a region-specific 

susceptibility of the colon to DSS (Okayasu et al., 1990). In Fig. 3.9, DSS induced 

severe mucosal damage and inflammation in both the distal and proximal colon. 

Furthermore, severe histological disease, including disruption of epithelial cell 

lining and muscle layer thickness was found in the colonic tissue of DSS group 

compared to control group. Exopolysaccharide could suppress the inflammation, 

mucosal and crypt damages and particularly lymphocyte infiltration induced by 

DSS. 

3.3.7. Effect of exopolysaccharide on NO production of mice with DSS-induced 

colitis 

NO is recognized as a mediator and regulator in pathological reactions, especially 

in acute inflammatory responses (Surh et al., 2001). In Fig. 3.10, 

exopolysaccharide could inhibit NO production in colon tissue of mice with 

DSS-induced colitis.  
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Fig. 3.10. Effect of exopolysaccharide on NO in mice with DSS-induced colitis. # p < 0.05, 

compared with control group; * p < 0.05, compared with DSS group. (Exopolysaccharide 

could inhibit NO production in colon tissue of mice with DSS-induced colitis) 
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3.3.8. Effect of exopolysaccharide on MPO activity of mice with DSS-induced 

colitis 

MPO, an enzyme present in neutrophils, was measured as an index of neutrophil 

infiltration into the injured tissue. MPO activity rose dramatically in the DSS-only 

group (Fig. 3.11) compared with control group. Exopolysaccharide treatment 

group failed to prevent the increase in MPO following DSS administration. 

Silveira et al. (2014) investigated that beta-glucan from P. sajor-caju reduced the 

MPO levels by 94 ± 4%, compared to the control group.  

0

2

4

6

8

10

12

14

Control DSS Polysaccharide

M
P

O
 a

c
ti

v
it

y
 (

U
/m

L
)

 

Fig. 3.11. Effect of exopolysaccharide on MPO activity in mice with DSS-induced colitis. # p 

< 0.05, compared with control group.  

3.3.9. Effect of exopolysaccharide on 7 cytokines production of mice with 

DSS-induced colitis 

The immune dysregulation in the intestine plays a critical role in the pathogenesis 

of IBD, involving a wide range of molecules, including cytokines (Rafa et al., 

2013). The standard curves of 7 cytokines are shown in Fig. 3.12. All the standard 

curves have good R
2
 (Table 3.2) and good fitting. 
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Fig. 3.12. The standard curves of 7 cytokines.  

The 7 inflammation-related cytokines were measured to assess the effect of 

exopolysaccharide on DSS-induced cytokine production by ELISA. In Fig. 3.13, 

exopolysaccharide did not significantly change IFN-γ, IL-1β, IL-6, IL-10 and 

TNF-α production but significantly reduced IL-4 and IL-17A secretion in blood 

sample. Taken together, exopolysaccharide significantly suppressed IFN-γ, IL-4 

and IL-17A production in colon tissue of mice with DSS-induced colitis (Fig. 

3.14). In conclusion, exopolysaccharide could inhibit IL-4 and IL-17A production 

in mice subjected to DSS-induced colitis. IL-17A is a cytokine that acts as a 

potent mediator in delayed-type reactions by increasing chemokine production in 

various tissues to recruit monocytes and neutrophils to the site of inflammation, 

similar to IFN-γ. One study (Rafa et al., 2013) showed a significant positive 

correlation between the NO and IL-17A, levels in plasma of the patients with IBD. 

The results indicated that IL-23/IL-17A axis plays a pivotal role in IBD 

pathogenesis through the NO pathway. The further molecular mechanisms for NO 

and IL-17A related inflammation in DSS-induced mice will be studied.  
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Fig. 3.13. Seven cytokines secretion in blood of mice with DSS-induced colitis. # p < 0.05, 

compared with control group; * p < 0.05, compared with DSS group.  
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Fig. 3.14. Seven cytokines secretion in colon of mice with DSS-induced colitis. # p < 0.05, 

compared with control group; * p < 0.05, compared with DSS group.  

3.4. Summary 

The results indicate that this exopolysaccharide could significantly decrease iNOS 

mRNA expression in a dose-dependent manner and 5-LOX production from RAW 

264.7 macrophages in vitro. We also examined the in vivo effects of 

exopolysaccharide using DSS-induced colitis in mice. Exopolysaccharide 

attenuated DSS-induced body weight loss, diarrhea, fecal blood, and shortening of 

colon and dramatically improved colitis histological disease. These results 

indicate that exopolysaccharide is capable of preventing the clinical 
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manifestations of DSS-induced IBD. Additionally, exppolysaccharide could 

inhibit the NO production in mice with DSS-induced colitis. However, the MPO 

activity was not changed in DSS-induced mice using exopolysaccharide treatment. 

For cytokines secretion, exopolysaccharide treatment would suppress IL-4 and 

IL-17A production in colon tissue of mice with DSS-induced colitis. These 

findings show that exopolysaccharide might be exploited as an effective 

anti-inflammatory agent for application in inflammatory disease.  
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CHAPTER IV  

Molecular weight and anti-inflammatory activities of 

exopolysaccharide from mycelial fermentation of S. 

commune as affected by ultrasonication assessed by 

response surface methodology 
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4.1. Introduction 

The most promising biological properties of fungal polysaccharides are 

anti-inflammatory and anti-tumor activities. Many studies have been attempted to 

correlate biological activity and molecular weight of polysaccharides. Chen et al. 

(2015) investigated that small molecular weight (MW) polysaccharide showed 

stronger inhibitory effects towards the proliferation of colorectal cancer. Moreover, 

recent research showed that small molecular weight chitosans with average 

molecular weights in the range of 5-10 KDa exhibited stronger bactericidal and 

superior biological activities as compared to chitosan with large molecular weight 

(Kittur et al., 2003). The application of polysaccharide from S. commune in 

pharmaceuticals and cosmetics industries has been limited for its large MW and 

viscosity (Zhong et al., 2015). It is necessary to set up a kind of fast, efficient, and 

convenient method of degrading the native polysaccharides in order to achieve the 

desired MW (Czechowska-Biskup et al., 2005). Ultrasonic technology, which 

currently attracts considerable attention, plays key roles in food technology, such 

as in processing, preservation, and extraction (Jiang et al., 2014; Altemimi et al., 

2015; Hammi et al., 2015). Ultrasonic degradation is a great physical method for 

producing homologous series of smaller MW (Kulicke et al., 1996; Schittenhelm 

and Kulicke, 2000; Pfefferkorn et al., 2003; Goodwin et al., 2011). Degradation 

by ultrasonic irradiation was conducted to obtain fractions of different molecular 

weights, and was superior to nonsolvent addition for rigid polysaccharides (Zhang 

et al., 2001). It appears that cellulose and guar gum derivatives exhibit a 
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significant MW reduction upon the ultrasonic treatment, a simple, effective, and 

without additive method (Poinot et al., 2013). Ultrasonic degradation occurs 

mainly by cleavage of glycosidic bonds of the main chain of polysaccharide. The 

physicochemical properties of ultrasound-treated polysaccharides have been 

investigated in recent years (Ebringerovg and Hromgdkovg, 1997; Wang et al., 

2010; Koda et al., 2011). Solution viscosity and biological activity of 

polysaccharides depend on their MW. Ultrasonication could decrease the viscosity 

of polymers and increase in the solubility, and was proved to be an effective and 

favorable tool to improve the biological activities of polysaccharides (Chen et al., 

1997; Baxter et al., 2005; Cravotto et al., 2005; Liu et al., 2006; Cheng et al., 

2010). 

  Response surface methodology (RSM) is an effective statistical technique to 

evaluate the effects of influential factors on one or more response variables for 

optimizing complex processing technology (Ye and Jiang, 2011; Dorta et al., 

2013). The Box-Behnken design (BBD) is a RSM model that examines the 

relationships between several explanatory variables and one or more response 

variables (Wang et al., 2015) has been applied successfully to improve food and 

pharmaceutical research (Xu et al., 2008; Wang et al., 2012; Zhu and Row, 2013; 

Du et al., 2014).  

  However, little information is available on the effect of physical degradation of 

exopolysaccharide from S. commune on anti-inflammatory property. The objective 

of this chapter was to investigate the effect of different factors on the efficacy of 
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ultrasonic depolymerization of exopolysaccharide and to develop the optimum 

conditions for ultrasonic degradation that would yield EPS fragments with 

reduced MW but with increased anti-inflammatory activity. 

4.2. Materials and methods 

4.2.1. Experimental materials and chemicals 

Mycelial cultivation of S. commune was carried out using the modification 

methods from Kumari et al. (2008). Dulbecco’s Modified Eagle’s Medium 

(DMEM) was purchased from Gibco-BRL (Gaithersburg, MD, U.S.A.). Fetal 

bovine serum (FBS), penicillin, streptomycin, 3-(4, 5-dimethylthiazol-2-yl-2, 

5-diphenyltetrazolium bromide (MTT), Griess reagent was bought from 

Sigma-Aldrich Company. All the other chemicals used were of analytical grade. 

4.2.2. Preparation of EPS from S. commune 

The mycelium of S. commune was cultivated on PDA slants. Biomass 

concentration was determined by the dry mass method involving filtration of 

broth samples through pre-weighed filter discs (Whatman Ltd, Maidstone, UK). 

The filtrate was collected and stored at –20°C for the isolation of 

exopolysaccharides. The total sugar content of exopolysaccharide was 89.0%. 

4.2.3. Ultrasonic treatment of exopolysaccharide 

Ultrasonic treatment was performed with a Scientz-IID ultrasonic cell disrupter 

(Ningbo Scientz Biotechnology Company, Ltd., Ningbo, Zhejiang, China) of 25 

kHz frequency and 950 W maximum output power. The output power of the probe 

is proportional to input power and controlled by the amplitude. In this work, a 
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horn probe with a 6 mm-diameter tip was used for all experiments and the output 

power was set at three levels, 200 W, 500 W and 800 W.  

4.2.4. Determination of MW 

The average MW of exopolysaccharide was determined with Agilent High 

Performance Liquid Chromatography (HPLC), refractive index detector using a 

chromatographic column (PL aquageloh MIXED-H (8 μm, 300 × 7.5 mm)) eluted 

with 0.1 M NaNO3 at a flow rate of 0.8 mL min
-1

.  

4.2.5. Measurements of viscosity  

Apparent viscosity of exopolysaccharide solutions was measured with a LV 

DV-II+Pro viscometer (Brookfield Company, Stoughton, MA, U.S.A.). The 

concentration of polysaccharide samples were adjusted in deionized water at 4 g 

L
-1

 and the measurement was performed at 25°C. 

4.2.6. Measurement of infrared (IR) spectrum of EPS 

The IR spectrum of the EPS was determined using a TENSOR 27 Fourier 

transform infrared (FT-IR) spectrophotometer (Bruker Corporation, Karlsruhe, 

Germany). The sample was ground with spectroscopic grade KBr powder and 

then pressed into 1 mm pellets for FT-IR determination in the frequency range of 

4000–400 cm
-1

. 

4.2.7. Experimental design 

In this study, the most suitable variables are the following parameters: Initial 

concentration of polysaccharide, ultrasonic power and duration of ultrasonic 

irradiation. Influence of initial concentration of polysaccharide (A) was 
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investigated in the range from 0.4% to 0.6%; ultrasonic power (B), in the range 

from 200 W to 800 W; and duration of ultrasonic irradiation (C) in the range from 

5 to 15 min. Details of analysis are presented in the Table 4.1. 

Table 4.1. The independent variables and their levels used for BBD*. 

Independent 

variables 

Levels of factor 

–1 0 +1 

A 0.4 0.5 0.6 

B 200 500 800 

C 5 10 15 

* A: Initial concentration (%); B: Ultrasonic power (W); C: Duration of ultrasonic irradiation 

(min). 

A three-variable-three-level BBD (Wang et al., 2015), one of response surface 

methodology (Design-Expert 7.1.3 Trial version, State-Ease Inc., Minneapolis, 

MN, U.S.A.) was applied to optimize the effect of ultrasonic treatment on the MW 

degradation, viscosity and anti-inflammatory property of exopolysaccharide in 

order to obtain the exopolysaccharide with high anti-inflammatory activity. A total 

of 17 experiments were designed according to BBD. Each experiment was 

performed in triplicate and the average NO inhibition of exopolysaccharide was 

taken as the response, Y.  

  Regression analysis was performed for the experimental data and was fitted 

into the empirical second order polynomial model, as shown in the Equation 1: 

Y = A0 + 
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Where Y was the dependent variable, A0 was constant, and Ai, Aii, and Aij were 

coefficients estimated by the model. Xi and Xj were levels of the independent 

variables.  
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4.2.8. Anti-inflammatory activity of exopolysaccharide  

4.2.8.1. Cell culture  

RAW 264.7 murine macrophages were obtained from American Type Culture 

Collection (ATCC, Rockville, MD, U.S.A.). The cells were cultured at 37°C under 

5% CO2-humidified air in DMEM supplemented with 10% FBS, 100 U mL
-1

 

penicillin, and 100 μg mL
-1

 streptomycin. 

4.2.8.2. Determination of NO production 

The nitrite concentration in the medium was measured by Griess reagent as an 

indicator of NO production as previous report (Shin et al., 2008). Briefly, RAW 

264.7 cells (1.0 × 10
5
 cells/well in a 24-well plate with 500 μL of culture medium) 

were pretreated with EPS samples for 1 h and incubated with LPS (100 ng mL
-1

) 

for 24 h. After incubation, the nitrite concentration of the supernatants (100 

μL/well) was measured by adding 100 μL of Griess reagent. To quantify the nitrite 

concentration, standard nitrite solutions were prepared, and the absorbance of the 

mixtures was determined using a microplate spectrophotometer (Molecular 

Devices, CA, U.S.A.) at a wavelength of 540 nm. 

4.2.9. Statistical analysis  

The RSM results were analyzed using the one way analysis of variance (ANOVA). 

A software Design-Expert 7.1.3 was used to obtain the coefficients of the 

quadratic polynomial model. The quality of the fitted model was expressed by the 

coefficient (R
2
) of determination, and its statistical significance was checked by 

F-test. Data are expressed as mean ± standard deviation (SD) (n = 3). 
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4.3. Results and discussion 

4.3.1. Effects of ultrasonic treatment on MW of exopolysaccharide 

In this study, native EPS has a high MW with 2900 kDa. The MWs of EPS were 

all reduced using the different ultrasonic treatments (Table 4.2). The MW 

exopolysaccharide with ultrasonic treatment was from 197 kDa to 1437 kDa. The 

results indicated that ultrasonic treatment was the powerful tool to degrade 

exopolysaccharide and obtain the lower MW. This is in agreement with the results 

obtained by Petit et al. (2007), who observed that a depolymerized high-MW EPS 

produced by a deep-sea hydrothermal bacterium Alteromonas macleodii subsp. 

fijiensis biovar deepsane using low frequency ultrasound. Their results showed 

that the sonication conditions that produce small MW derivatives from the native 

EPS (>10
6
 Da) with good reproducibility. Moreover, ultrasonication of the S. 

commune polysaccharide resulted in the formation of a smaller-MW 

polysaccharide with conserved primary structure and antitumor activity (Yanaki et 

al., 1983). Yuliana et al. (2012) studied the effect of sonication process on the 

changes of chitosan MW, chemical structure and degree of crystallinity. It was 

found that MW and degree of crystallinity of chitosan decreased after longer 

sonication time and higher temperature treatments. In addition, Guo et al. (2014) 

investigated the effects of ultrasound on the MW, structure, and antioxidant 

potential of a fucoidan found in Isostichopus badionotus. The results showed that 

the MW of fucoidan decreased obviously after ultrasound treatment. 

Ultrasonication has proved to be a very advantageous method for 
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depolymerization of macromolecules because it simply reduced the MW by 

splitting the most susceptible chemical bonds.  

Table 4.2. Box-Behnken design and observed responses*. 

Run 

Independent variable 
MW 

(KDa) 

NO 

inhibition 

rate (%) 
A B C 

1 0.4 (-1) 500 (0) 15 (+1) 217 85 

2 0.5 (0) 500 (0) 10 (0) 960 88 

3 0.4 (-1) 200 (-1) 10 (0) 903 91 

4 0.6 (+1) 500 (0) 15 (+1) 423 67 

5 0.5 (0) 500 (0) 10 (0) 956 88 

6 0.5 (0) 200 (-1) 15 (+1) 197 62 

7 0.5 (0) 800 (+1) 15 (+1) 855 67 

8 0.6 (+1) 200 (-1) 10 (0) 631 69 

9 0.5 (0) 800 (+1) 5 (-1) 864 85 

10 0.4 (-1) 500 (0) 5 (-1) 1427 87 

11 0.4 (-1) 800 (+1) 10 (0) 489 96 

12 0.5 (0) 500 (0) 10 (0) 959 89 

13 0.5 (0) 500 (0) 10 (0) 973 88 

14 0.6 (+1) 500 (0) 5 (-1) 1437 70 

15 0.5 (0) 200 (-1) 5 (-1) 1031 78 

16 0.5 (0) 500 (0) 10 (0) 987 88 

17 0.6 (+1) 800 (+1) 10 (0) 827 88 

* Average value of triplicate experiments. A: Initial concentration (%); B: Ultrasonic power 

(W); C: Duration of ultrasonic irradiation (min) 

  In one study, the time is the most influential factor on the MW (Benito-Román 

et al., 2013). Similarly, Machová (1999) obtained two samples with significantly 

distinct MWs (660 kDa and 19 kDa, respectively) after 10 min of sonication and 

subsequent gel filtration.  

4.3.2. Effects of ultrasonic treatment on viscosity of exopolysaccharide 

MW and concentration of exopolysaccharide have a determining influence on the 

viscosity and the rheological behavior of exopolysaccharide in aqueous solution 
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or in the intestinal tract (Dongowski et al., 2005). In current work, the viscosity of 

native exopolysaccharide (Fig. 4.1(A)) was very high (35000 cP) (other viscosity 

data was not shown), while ultrasonic treatment could sharply decreased the 

viscosity of degraded exopolysaccharide (Fig. 4.1(B)). Most likely, the reason for 

this finding is the cavitation effects initiated in the liquid phase (Chen et al., 2015). 

In another study, at 35 W/cm
2
 or higher ultrasound power, the apparent and 

intrinsic viscosities of EPS solution from mycelial culture of a medicinal fungus 

dropped by nearly 85% within 10 min (Wang et al., 2010). Zhou and Ma (2006) 

investigated the intrinsic viscosity of polysaccharide from a red algae (Porphyra 

yezoensis) treated with ultrasonic power, sonication time, reaction temperature, 

initial pH value of solution, and its concentration. It was found that the ultrasonic 

degradation rate of exopolysaccharide solution increased with the increase of 

ultrasonic power and reaction temperature and the decrease of initial solution pH. 

Baxter et al. (2005) investigated the influence of high-intensity ultrasonication on 

the intrinsic viscosity of chitosan. Results indicated that intrinsic viscosity of 

samples decreased exponentially with increasing sonication time.  
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Fig. 4.1. The viscosity for native exopolysaccharide (A) and degraded exopolysaccharide (B) 

from S. commune. 

4.3.3. Molecular structure of exopolysaccharide 

The FT-IR spectra of native exopolysaccharide and sonicated exopolysaccharide 

exhibited essentially identical major peaks, e.g. the high absorbency ranged of 

1200–950 cm
-1

 was the characteristic absorption peak of exopolysaccharide (Fig. 

4.2). This absorbance was attributed to the C-O-C and C-O-H link band. The 

specific intense peaks at 3400 cm
-1

 and 2939 cm
-1

 were due to the O-H and C-H 

stretching vibrations, respectively. The results showed that the ultrasonic 

treatment did not impair the preliminary chemical structure using IR analysis. Our 

results was equivalent to Zhou et al. (2012) obtained in the investigation on 

(A) 

(B) 
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Porphyra yezoensis Udea polysaccharide, in which the chemical structure and 

antioxidant of natural and ultrasonic degraded polysaccharides from P. yezoensis 

Udea. The result ascertained ultrasound degradation did not change the main 

structure of polysaccharides in the test conditions (Zhou et al., 2012). When 

polysaccharide was degraded with ultrasonic treatment, its high-ordered structure 

was destroyed while primary structure was not affected. Ultrasonic treatment has 

proved to be a very useful technology for depolymerization of polysaccharides 

because it does not change the chemical nature of the polymer.  

 

Fig. 4.2. The spectra of FTIR for native exopolysaccharide (upper) and degraded 

exopolysaccharide (lower) from S. commune. 

4.3.4. Modeling of the ultrasonic treatment process and response surface analysis 

Selection of the most suitable variables is very important in RSM. Numerous 

variables may affect the response of the system studied, and it is necessary to 

select those variables with major effects (Bezerra et al., 2008; Ramic et al., 2015). 

There were a total of 17 runs for optimizing the three individual parameters in 

current BBD. The current design was applied to NO inhibition of 
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exopolysaccharide. Table 4.2 showed that the BBD process variables and 

experimental data. The results of the ANOVA, goodness-of-fit and the adequacy 

of the models were summarized in Table 4.3. By applying multiple regression 

analyses on the experimental data, the response variable and the test variables 

were related in the following second-order polynomial Equation 2:  

Y = 0.88 – 0.081A + 0.045B – 0.049C + 0.035AB – 0.0025AC – 0.005BC + 

0.010A
2
 – 0.032B

2
 – 0.12C

2
                                         (2) 

Table 4.3. ANOVA for the fitted quadratic polynomial model of NO. 

Source 
Sum of 

Squares 
DF 

Mean 

Square 
F-value 

p-value 

Prob > F 

Model 0.16 9 0.018 9.78 0.0033 

Residual 0.013 7 1.8 × 10
-3

   

Lack of fit 0.013 3 4.2 × 10
-3

   

Pure error 8.0 × 10
-5 

4 2.0 × 10
-5

   

Cor total* 0.17 16    

 R
2
 = 0.9263  CV = 5.23   

* Cor total: Correction total 

The fit statistics of NO inhibition (Y) for the selected quadratic predictive 

model was shown in Table 4.3. For the model fitted, the coefficient of 

determination (R
2
) was 0.92 (p = 0.0033), indicating that only 0.08% of the total 

variations was not explained by the model. F-value for the lack of fit was 

insignificant (p > 0.05) thereby confirming the validity of the model. At the same 

time, a low value 5.23 of coefficient of the variation (CV) clearly indicated a very 

high degree of precision and a good deal of reliability of the experimental values. 

The model p-value (Prob > F) was very low (< 0.001), which implied that the 

model was highly significant.  
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The model was found to be adequate for prediction within the range of 

experimental variables. The regression coefficient values of Eq. (2) were listed in 

Table 4.4. The p-value was used as a tool to check the significance of each 

coefficient, which in turn might indicate the pattern of the interaction between the 

variables. The smaller the value of p was, the more significant the corresponding 

coefficient was (Guo et al., 2010; Zhu and Liu, 2013). It can be seen from Table 

4.4 that the linear coefficients (A, B and C), and a quadratic term coefficients (C
2
) 

were significant, with very small p-value (p < 0.05). The other term coefficients 

were not significant (p > 0.05). Therefore, A, B, C, and C
2
 were important factors 

in ultrasonic treatment process of exopolysaccharide. 

Table 4.4. Estimated regression model of relationship between response variable (NO) and 

independent variables (A, B, and C). 

Variables 
Sum of 

Squares 
DF 

Mean 

Square 
F-value 

p-value 

Prob > F 

A 0.053 1 0.053 29.10 0.0010 

B 0.016 1 0.016 8.93 0.0203 

C 0.019 1 0.019 10.48 0.0143 

AB 4.9 × 10
-3

 1 4.9 × 10
-3

 2.70 0.1444 

AC 2.5 × 10
-5

 1 2.5 × 10
-5

 0.014 0.9099 

BC 1.0 × 10
-4

 1 1.0 × 10
-4

 0.055 0.8211 

A
2 

4.4 × 10
-4

 1 4.4 × 10
-4

 0.24 0.6366 

B
2 

4.3 × 10
-3

 1 4.3 × 10
-3

 2.41 0.1643 

C
2 

0.060 1 0.060 33.27 0.0007 

4.3.5. Optimization of the ultrasonic treatment procedure 

The graphical representations of the regression Eq. (2), called the response 

surfaces and the contour plots were obtained using Design-Expert software 7.1.3, 

and the results of NO inhibition of exopolysaccharide affected by initial 

concentration of polysaccharide, ultrasonic power and duration of ultrasonic 
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irradiation were presented in Fig. 4.3. The relationship between independent and 

dependent variables was illustrated in 3 dimensional (3D) representation of the 

response surface plots generated by the model of NO, two variables were depicted 

in one 3D surface plot while the other variables kept at level zero. As shown in 

Fig. 4.3a, when duration of ultrasonic irradiation (C) was fixed at zero level, 

initial concentration (A) and ultrasonic power (B) showed reciprocal interaction on 

NO. It was shown that initial concentration and ultrasonic power demonstrated 

quadratic effects on NO. When initial concentration (A) kept at lower level, the 

NO increased at first, then decreased with the increase of ultrasonic power. Fig. 

4.3b showed the initial concentration (A) and duration of ultrasonic irradiation (C) 

demonstrated quadratic effects on NO when ultrasonic power (B) was fixed at 

level zero. When initial concentration (A) kept at lower level, NO increased at first, 

then decreased with the increases of duration of ultrasonic irradiation (C). Fig. 

4.3c presented the 3D response surface plots at varying ultrasonic power (B) and 

duration of ultrasonic irradiation (C) at fixed initial concentration (A) (0 level). It 

showed that NO was affected significantly by ultrasonic power and duration of 

ultrasonic irradiation. Ultrasonic power (B) kept at lower level, NO increased at 

first, then decreased with the increase of duration of ultrasonic irradiation (C). 
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Fig. 4.3. Response surface plots showing the interaction effects of initial concentration and 

ultrasonic power (a), initial concentration and duration of ultrasonic irradiation (b), and 

ultrasonic power and duration of ultrasonic irradiation (c) on NO inhibition rate.   

From Fig. 4.3, it can be concluded that optimal process conditions of 

exopolysaccharide were initial concentration at 0.42%, ultrasonic power of 595 W 

and ultrasonication time for 8.63 min. Among the three ultrasonic treatment 

a 

b 

c 
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parameters studied, initial concentration was the most significant factor to affect 

the anti-inflammatory activity of exopolysaccharide, followed by duration of 

ultrasonic irradiation and ultrasonic power according to the regression coefficients 

significance of the quadratic polynomial model (Table 4.4) and gradient of slope 

in the 3D response surface plots (Fig. 4.3). 

4.3.6. Validation of the model 

The suitability of the model equation for predicting the optimum response values 

was tested using the optimal parameters with minor modifications. The maximum 

predicted NO and experimental NO of exopolysaccharide was compared. 

Additional experiments using the predicted optimum parameters for NO inhibition 

were as follow: Initial concentration at 0.42%, ultrasonic power of 595 W and 

ultrasonication time for 8.63 min, and the model predicted a maximum response 

of 96%. In order to ensure the predicted result was not biased toward the actual 

value, experiment rechecking was performed using these modified parameters: 

Initial concentration at 0.4%, ultrasonic power of 600 W and duration of 

ultrasonic irradiation for 9 min. A mean value of 95 ± 0.03% (n = 3) obtained 

from real experiments, demonstrated the validation of the RSM model. The good 

correlation among these results confirmed that the response model was adequate 

for reflecting the expected optimization. The results of analyses indicated that the 

experimental values were in good agreement with the predicted one, and also 

suggested that the model of Eq. (2) was accurate and satisfactory.  
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4.3.7. Effects of ultrasonic treatment on anti-inflammatory activity of 

exopolysaccharide  

The anti-inflammatory activities of the native and degraded exopolysaccharides 

were evaluated by NO inhibition assays. The experiments indicated that the 

anti-inflammatory activity of degraded exopolysaccharide was improved by the 

ultrasound treatment. The increase in the anti-inflammatory activity may due to 

the following reason: Smaller MW exopolysaccharides with a mild effect of 

intra-molecular hydrogen bonds would have more free hydroxyl and amino 

groups (Xing et al., 2004). There are some other researches about the biological 

activity of polysaccharide under ultrasonic treatment. For example, it was possible 

that ultrasonic treatment is an effective way for enhancing polysaccharide’s 

antioxidant activity ascribing to decreasing MW of polysaccharides (Zhou et al., 

2012). Schizophyllan was partially depolymerized by ultrasonic irradiation and 

degraded polysaccharides exhibited the pronounced antitumor activity (Tabata et 

al., 1981). 

4.4. Summary 

Ultrasound treatment has been demonstrated to be an efficient process to obtain 

desired MW exopolysaccharide with lower viscosity and excellent 

anti-inflammatory activity from mycelial fermentation of S. commune. 

Box-Behnken response surface design coupled with numerical optimization 

technique was used to optimize and to study individual and interactive effects of 

process variables (initial concentration, ultrasonic power and duration of 



 89 

ultrasonic irradiation) on the anti-inflammatory activity of exopolysaccharide. 

ANOVA indicate the effects of the variable (initial concentration) is significant 

and quadratic models are obtained for predicting responses. The optimum 

conditions determined are as follow: Initial concentration of 0.4%, ultrasonic 

power of 600 W and duration of ultrasonic irradiation of 9 min. Under these 

optimal conditions, a maximum NO inhibition rate of 95 ± 0.03% can be achieved, 

which corresponded well with the value that was predicted by the model. 

Applying the ultrasonic treatment to obtain small MW exopolysaccharide will not 

only improve its oral absorption and utilization rate but also help to comprehend 

the mechanism of ultrasonication on medicinal mushroom exopolysaccharides and 

further optimize the processing condition. 
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CHAPTER V  

Conformations of exopolysaccharide from mycelial 

fermentation of S. commune with different molecular 

weights 
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5.1. Introduction 

It is believed that the biological activity is related to the MW and chain 

conformation of polysaccharide. There is a disagreement about the molecular 

weight data of polysaccharide, as presented in various literature reports, as well as 

substantial differences in the viscosity values of their aqueous solutions (Vaikousi 

et al., 2004). These differences could depend on the sample source, extraction 

conditions, partial depolymerization by endogenous enzymes during the isolation 

step and the nature of analytical techniques employed for molecular weight 

determination (Izydorczyk and Biliaderis, 2000). It has been reported that 

polysaccharide in aqueous solutions exist either as molecularly dispersed with 

typical viscoelastic flow behavior or as an infinite network structure (Bohm and 

Kulicke, 1999). In addition, the conformation transition is strongly related with 

the molecular weight (Teramoto et al., 1995; Palleschi et al., 2005). The 

functionality and biological properties of polysaccharide are strongly related to 

their rheological characteristics. The rheological property is influenced by the 

structure, molecular size and macromolecular conformation. In this study, an 

attempt was made to study the effect of different MW polysaccharides on higher 

structure and rheological properties. Therefore, it is important and essential to find 

the different higher structures for different MW polysaccharides. In the present 

work, the investigation further aimed at revealing the relationship between higher 

structure and MW of exopolysaccharide using AFM, X-ray diffraction, particle 

size distribution and viscosity analysis. 



 92 

5.2. Materials and methods 

5.2.1. Materials and chemicals 

Exopolysaccharide of high (1437 kDa), medium (936 kDa) and low (197 kDa) 

molecular weight was obtained by ultrasonic technology degradation in Chapter 

IV.  

5.2.2. AFM of exopolysaccharide 

The AFM of exopolysaccharide was carried out according to the reported method 

with slight modifications (Wang et al., 2010). Exopolysaccharide solution (1 mg 

mL
-1

) was prepared with distilled water. The solution was continuously diluted to 

the final concentration of 0.1 mg mL
-1

, 0.01 mg mL
-1

. About 5 μL of diluted 

exopolysaccharide solution was dropped on the surface of a mica sample carrier, 

and then absolute ethanol was drip on the sample to fix the exopolysaccharide. 

The mica carrier was scoured to remove the unabsorbed residue by double 

distilled water and subsequently allowed to dry at room temperature. Later, the 

AFM images were obtained by Agilent 5400 scanning probe microscope (Agilent 

Technologies, Palo Alto, CA, U.S.A.) in tapping mode. The cantilever oscillated 

at its proper frequency (158 kHz), and the driven amplitude was 0.430 V. 

5.2.3. X-ray diffraction analysis of exopolysaccharide 

Exopolysaccharide was subjected to water swelling treatment at room temperature. 

A fibrous specimen was obtained by stretching the swollen film uniaxially. The 

wet, fibrous specimens were sealed in thin-walled glass capillary tubes, and 

examined by the wide- and small-angle X-ray diffractions. 
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5.2.4. Particle size determination of exopolysaccharide  

A laser diffraction particle size analyzer (LA-920, Horiba Limited, Japan) was 

applied to determine the particle size distribution of exopolysaccharide with 

different MWs. The sample was suspended in ethanol directly in the measuring 

cell (small volume unit sample module) and the suspensions were analyzed when 

the obscuration was between 70 and 80%.  

5.2.5. Measurements of viscosity  

Apparent viscosity of exopolysaccharide solutions was measured with a LV 

DV-II+Pro viscometer (Brookfield Company, Stoughton, MA, U.S.A.). The 

concentration of exopolysaccharide samples were adjusted in deionized water at 4 

g/L and the measurement was performed at 25°C. 

5.3. Results and discussion 

5.3.1. Macromolecular shape of exopolysaccharide by AFM 

AFM is a powerful technique for directly observing the conformation of 

macromolecules under conditions that closely mimic the environments from 

which they originated (Han et al., 2011; Wang et al., 2014b). Because salt will 

crystallize and cover the polysaccharide chains as the process of drying on mica, it 

may interfere with the AFM images of polysaccharide. Deionized water was used 

to prepare the samples for AFM. Fig. 5.1 depicted the topographical AFM images 

of three different MW exopolysaccharides. The AFM topographic images of all 

the exopolysacharides reveal linear, circular and crossover structures.  
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Fig. 5.1. Topographical AFM planar images of exopolysaccharides with low (A), medium (B) 

and high (C) MW.  

By contrast with each other, it is clear from these images that the low MW 

exopolysaccharide has the random coil chain due to ultrasonication degradation 

(Fig. 5.1 (A)). There are relatively short linear and small circular traces. As shown 

in Fig. 5.1(B, C), triple-helical chains exist in high and medium MW 

exopolysaccharide. Considering its loose structure, the exopolysaccharide chain 

probably also existed as a single helix following the depolymerization process. 

The exopolysaccharide was ultrasonicated at a desired power and temperature, 

exposing the exopolysaccharide to the condition disrupting the triple-helical 

structure. The triple-helical exopolysaccharide exists as bended chains rather than 

as extended rigid chains, when it has relatively high MW. Moreover, the intact 

triple-helical chains for the exopolysaccharide with high MW (Fig. 5.1(C)) are 

much more than that exopolysaccharide with medium MW Fig. 5.1(B). The triple 

helix conformation still existed in medium MW. The results suggest that helix 

chains to random coiled chains with ultrasonic treatment. The difference of 

(A) (B) (C) 
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exopolysaccharide MW revealed that exopolysaccharide exists as stiff triple helical 

chains in high MW and random coils in low MW.  

  On the basis of the results from AFM, a schematic description of the 

exopolysaccharide with different MWs is shown in Fig. 5.2. In the low MW (197 kDa) 

exopolysaccharide, the triple helical structure was dissociated completely into random 

coil chains as shown in Fig. 5.2(A). As shown in Fig. 5.2(B), triple helix chains and 

single helix chains coexist in medium MW exopolysaccharide, leading to the 

predominant species of single helix structure, because strand separated segments, 

ether internally or at the terminals, have not been clearly identified. The predominant 

triple helix structures exist as slight intrachain entangled species as indicated in Fig. 

5.2(C), in which they are winded to form worm-like linear and crossover shapes. At 

the same time, there are also few single helix chains.  

 

 

 

 

 

 
 

 

Fig. 5.2. Schematic representation of the conformation transition of exopolysaccharides with low 

(A), medium (B) and high (C) MW (Adopted by Wang et al., 2008a). 

 

(B) (A) (C) 
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Usually, the transition is as a result of breaking of inter- and intramolecular 

hydrogen bonds of triple-helix polysaccharides, leading to the strand separation 

and chain winding (Zhang et al., 2004). 

5.3.2. X-ray diffraction analysis  

 

 

Fig. 5.3. X-ray diffraction diagram of the wet, fibrous specimen of exopolysaccharides. (A) 

low MW; (B) medium MW; (C) high MW. 

The X-ray diffraction profiles of exopolysaccharide are reported in Fig. 5.3. For 

comparison, the X-ray diffraction diagram of high, medium and low MW 

exopolysaccharide are indicated in Fig. 5.3. Exopolysaccharide with high MW 

shows the X-ray diffraction intensity in the 2θ range 20-37°. The sharp peak exists 

due to the crystalline aggregates Fig. 5.3(C). This may be related with the 

presence of an intermediate phase, hydrogen bonds and water molecules 

intimately mixed in the network structure leading to triple-helical structure. On 

the contrary, the broad peak in exopolysaccharide with low MW indicates that 

there are no aggregates in the structure, but random coil structure. Bluhm and 

Sarko (1977) reported the X-ray diffraction result of lentinan, predicting five 

2θ(deg) 

(C) 

(B) 

(A) 
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models, one single helix, two double helices, and two triple helices and a 

right-hand triple helix structure was given a pitch of 0.29 nm. In another study, 

Zhang et al. (2001) investigated that the chain conformation of a glucan is a triple 

helix with helical pitch of 0.31 nm in aqueous solution.  

5.3.3. Particle size distribution 

The exopolysaccharide with different MWs had the same concentration: 0.01 mg 

mL
-1

.
 
As shown in Fig. 5.4, the particle size of exopolysaccharide with different 

MWs was distributing in a range distribution with a mean particle size of 14.36 

μm (low MW), 111.35 μm (medium MW), and 279.27 μm (high MW), 

respectively (Fig. 5.4). The findings indicate that the higher the MW of 

exopolysaccharide, the more mean particle size. The high MW exopolysaccharide 

(1437 kDa) had a mean particle size of 279.27 μm. Thus, the most possible reason 

was molecule aggregates existing in high MW exopolysaccharide. Contrarily, 

random coil structure in low MW exopolysaccharide does not exist molecule 

aggregates. We have hypothesized that hydrogen bonding led to the aggregation of 

the exopolysaccharide molecules, because the hydroxyl groups on the surface of 

the polysaccharides provided the strong intermolecular and intra-molecular 

interactions with each other. 
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Fig. 5.4. Particle size distribution of exopolysaccharides with low MW (A), medium MW (B) 

and high MW (C). (The abscissa is the diameter (μm) of the particle size; the ordinates q% 

(quantity %) is the particle size distribution, and Q% is under size %) 

5.3.4. Viscosity analysis 

It is believed that the major driving force for the helix structure of 

exopolysaccharide in water is due to the intramolecular hydrogen bonding, 

whereas that for triple-strand formation is a result of intermolecular hydrogen 

bonding. Usually, the viscosity values reflect the expanded extent of polymer 

chains. Fig. 5.5 shows the dependence of the intrinsic viscosity for 

Diameter (μm) 

Diameter (μm) 

Diameter (μm) 

(A) 

(B) 

(C) 
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exopolysaccharide with different MWs. Clearly, the values undergo a sharp 

decrease in a narrow speed range. With the beginning of speed, the viscosity of 

low, medium and high MW exopolysaccharide is 1439 cP, 7198 cP and 21595 cP, 

respectively.  

 

 

 

Fig. 5.5. The viscosity of exopolysaccharides with low (A), medium (B) and high MW (C).   

(B) 

(C) 

(A) 
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  With increasing molecular weight, viscosity increased and the shear-thinning 

behavior because more and more apparent. The highly ordered structure is related 

with the high viscosity of aqueous solutions (Gomaa et al., 1991). Ordered 

structures of polysaccharides increase the viscosity of aqueous solutions and, thus, 

their breakdown will reduce the viscosity. The low MW exopolysaccharide caused 

a decrease of the viscosity. Ultrasonic degradation reduced viscosity, which can be 

explained as breaking the network of hydrogen bonds. Zhang et al. (2008) 

reported that the viscosity of lentinan increased and the shear-thinning behavior 

became more and more apparent at low concentration during the increasing of 

MWt of lentinan. The sharp decrease of intrinsic viscosity suggested that the triple 

helix dissociated directly into single helix chains during the transition process. 

Indicating the dissociation of higher aggregates of the triple-helical, then the 

breaking of trimers into random coiled chains. Yanaki et al. (1983) investigated 

that the sonicated polysaccharide in water are a mixture of triple and single 

helices and the relative amount of single chains increases with decreasing MW of 

polysaccharide. The triple-helical conformation of exopolysaccharide maintains 

intact when the MW was 1437 kDa. The change in the MW of exopolysaccharide 

reflected the dissociation of the triple helix into random coil chains.  

  The change of polysaccharide MW is considered to be a result of chain 

conformation transition rater than ultrasonic degradation of the primary structure. 

The ultrasonic degradation is to weaken interchain hydrogen bonds of triple 

helices by its generation of localized heat and stress and eventually dissociate the 
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helices to single chains. Despite ultrasonic degradation, other methods such as 

alkaline degradation also could transit conformation. According to the report by 

Zhang et al. (2004), the addition of NaOH to an aqueous solution of lentinan 

enhances the solubility of the triple helix, but leads to gradual degradation of the 

helix when the concentration of NaOH exceeds to 0.08 M. It is assumed that the 

destruction of hydrogen bonds, binding the triple chains together, is attributed to 

the dissociation of the triple helix into singel coil chain. The ultrastructure of the 

polysaccharide is thought to be an important factor contributing to the 

characteristics of the biological activity. Soluble (1-3)-β-glucan is known to 

possess three kinds of conformers, triple helix, single helix and random coil 

(Ohno et al., 1995). Polysaccharide having low MW or having a certain 

substituted group could exist a random coiled conformer.  

  High MW polysaccharides do exist in single and triple helical conformation. 

The MW value of polysaccharide drops using ultrasonic treatment. This indicates 

that the polysaccharide molecular structure changes from triple strand to single 

one, as a result of the destruction of intermolecular hydrogen bonds, which sustain 

the trimolecular structure. The change in preliminary structure was not caused by 

degraded polysaccharide, because the low MW polysaccharide showed the same 

preliminary structure as high MW polysaccharide.  

5.4. Summary 

In this chapter, the study was undertaken to verify the conformation of 

exopolysaccharide with different MWs using AFM, X-ray diffraction, particle size 

distribution and viscosity analysis. The results show that high and medium MW 
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exopolysaccharide had triple- and single-helix conformation. The 

exopolysaccharide with low MW exhibited the random coiled conformation.  

The conformation transition of exopolysaccharide from triple strand to single 

one and from extended chain to winding will be important for the investigation of 

the natural biological properties of exopolysaccharides. The changes of MW, 

AFM morphology, X-ray diffraction, particle size distribution and viscosity 

analysis indicate the triple helical structure of exopolysaccharide was dessociated 

into single helical structure and random coiled structure, confirmed that the intra- 

and intermolecular hydrogen bonds of exopolysaccharide were destroyed 

simultaneously.  
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CHAPTER VI  

Effects of three different molecular weight 

exopolysaccharides on anti-inflammatory activities in 

DSS animal model 
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6.1. Introduction 

Polysaccharides impact on human health is usually associated with positive 

interaction within gastrointestinal track and connected immune response. 

Inflammatory bowel diseases (IBD) constitute a wide range of chronic, enfeebling 

diseases of the gastrointestinal tract with Crohn’s disease and ulcerative colitis 

being the two major phenotypes (Baumgart and Sandborn, 2012). It has been 

reported that inflammation in the gut affects the health of the whole organism 

during the development of IBD (Blaszczyk et al., 2015). Mushroom 

polysaccharide plays a pivotal role in dietary prevention and treatment of various 

alimentary tract diseases. Molecular weight of polysaccharide is strictly related to 

its physiological effects (Kim and White, 2010; Kim and White, 2013) and 

different studies suggested the influence of molecular weight of polysaccharide on 

antioxidant and immuno-logical activities (Blaszczyk et al., 2015; Lei et al., 2015). 

The conformation transition of polysaccharide from triple strand to single one will 

be important for the investigation of the anti-inflammatory of polysaccharides.  

  It is well known that the polysaccharide with single-helical conformation had 

bioactivity, such activated the coagulation Factor G from limulus amebocyte 

lysate (Saito et al., 1991). Therefore, an understanding of the relationship between 

molecular weight and anti-inflammatory activities of exopolysaccharide is 

essential for their application in the medicine industry. In this work, three 

exopolysaccharide with high (1437 kDa), medium (936 kDa) and low (197 kDa) 
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MW were obtained and the anti-inflammatory activities in DSS model were 

evaluated.  

6.2. Materials and methods 

6.2.1. Materials and chemicals 

Exopolysaccharide of high (1437 kDa), medium (936 kDa) and low (197 kDa) 

molecular weight was obtained by ultrasonic technology degradation in Chapter 4. 

Dulbecco’s Modified Eagle’s Medium (DMEM) was purchased from Gibco-BRL 

(Gaithersburg, MD, U.S.A.). Fetal bovine serum (FBS), L-glutamine, penicillin, 

streptomycin, carbazole and 3-(4, 5-dimethylthiazol-2-yl-2, 5-diphenyltetrazolium 

bromide (MTT) and RPMI 1640 cell culture medium were obtained from 

Sigma-Aldrich (St. Louis, MO, U.S.A.). Sulfasalazine (SASP), (purity ≥98%),  

hematoxylin, eosin, Griess reagent and hydrogen peroxide were purchased from 

Sigma-Aldrich (St, Louis, MO, USA). Dextran sodium sulphate (DSS) (MW: 36, 

000-50, 000 Da) was bought from MP Biomedicals compony (Illkirch, France). 

MPO, IFN-γ, IL-4, IL-10, IL-17 ELISA kits were purchased from eBioscience 

(San Diego, CA, USA). 

6.2.2. Animals 

Seven to eight-week-old male C57BL/6 mice weighing 18-22 g were purchased 

from Institute of Materia Medica, Chinese Academy of Medical Sciences & 

Peking Union Medical College. All animals were housed in individual cages. The 

mice were fed a standard rodent diet with free access to water, and were kept in 

rooms maintained at 21-23°C and air humidity of 50% with 12 h light/dark cycle 
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following international recommendations. All experimental protocols were 

approved by the Animal Ethics Committees of Hebei Normal University of 

Science and Technology. 

6.2.3. DSS-induced animals model experimental design 

Acute colitis was induced by oral administration of 2.0% (w/v) DSS dissolved in 

autoclaved water, for 5 days according to Wirtz et al. (2007) and Xiao et al. (2015). 

Mice of each experimental group were monitored every day to confirm that they 

consumed equal volumes of DSS-containing water. 

  Seventy-five colitic mice were arbitrarily allocated in 5 groups: DSS model 

group, sulfasalazine (SASP, positive reference agent)-treated group, and low MW 

(ps1), medium MW (ps2) and high MW exopolysaccharide (ps3)-treated groups 

(n=15). A vehicle control group with 15 normal mice received drinking water 

without DSS throughout the entire experimental period. Exopolysaccharide was 

administrated orally to colitic mice at doses of 10 mg/kg/day. Dose of 

exopolysaccharide were chosen according to various reasons, such as the 

estimated human intake of mushroom (Zhang et al., 2009), and our trial test. 

SASP was used as a positive reference agent and is was given at 50 mg kg
-1

.  

6.2.4. Evaluation of the disease activity index (DAI) 

Diarrhea scoring and bleeding scoring were performed with slight modification 

according to the method previously described (Shin et al., 2015). Especially, 

diarrhea score and bleeding score were each divided into 5 grades of diarrhea 

score as follows: (0: normal stool; 1: mildly soft stool; 2: soft stool; 3: very soft 
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stool; 4: watery stool; 5: completely watery stool) and bloody feces score as: 0: 

normal colored stool; 1: brown stool; 2: reddish stool; 3: mildly bloody stool; 4: 

bloody stool; 5: very bloody stool.  

6.2.5. Histological analysis 

Colon tissues were harvested and fixed in 4.0 paraformaldehyde. Tissue sections 

were prepared by conventional tissue processing methods, stained with 

hematoxylin and eosin (H&E), and examined under the light microscope.damage 

was assessed as described previously (Xiao et al., 2015). 

6.2.6. Determination of colonic myeloperoxidase (MPO) acvitiy 

MPO activity was measured as described in previous study (Mu et al., 2016). One 

unit of MPO activity was defined as the amount of enzyme present that produced 

a change in optical density of 1.0 U min
-1 

at 25°C in the final reaction volume. 

The results were normalized to equal protein levels and quantified as units mg
-1

 

protein.  

6.2.7. Determination of NO production of colon tissue from mice 

The NO in the colon tissue was measured using Griess reagent according to 

Section 3.2.4. 

6.2.8. Enzyme-lined immuno-sorbent assay (ELISA) analysis 

The cytokines IFN-γ, IL-4, IL-10 and IL-17 in the culture supernatants of colonic 

tissues were measured with IFN-γ, IL-4, IL-10 and IL-17 ELISA kits (eBioscience, 

San Diego, CA, USA), respectively according to the manufacturer’s protocols. 
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6.2.9. Immuno-histochemistry analysis 

The immuno-histochemistry analysis was evaluated as described by Xiao et al. 

(2015) with some slight modifications. Briefly, colonic tissues were fixed in 4.0% 

buffered paraformaldehyde, embedded in paraffin and sectioned into 5-μm-thick 

slices. Sectioned samples were deparaffinized in xylene, rehydrated in a series of 

graded alcohol, and subjected to antigen retrieval. Antigens were retrieved by 

incubation with protease K solution (1:100) for 20 min. Endogenous peroxidase 

was quenched with 3.0% hydrogen peroxide in methanol for 30 min. Sections 

were further blocked with 3.0% bovine serum albumin (BSA) in PBS, exposed to 

0.5% Triton X-100 for 1 h for reducing nonspecific antibody binding and 

incubated with mouse F4/80 antibody at 4°C overnight. The sections were washed 

with PBS three times, incubated with biotinylated anti-rabbit immuno-globulins, 

followed by peroxidase-labeled streptavidin, and 3,3`-diaminobenzidine 

chromogen substrate added to make antibody binding visible according to the 

protocol of the LSAB kit. Sections were then washed with PBS and 

counterstained with hematoxylin. After dehydration with a series of increasingly 

concentrated ethanol, sections were mounted with neutral gum. Five random 

fields at 400× magnification were counted in each sectioned sample by a 

researcher blinded to the treatment. The number of macrophages per μm
2
 of 

mucosa was quantified by the Image J software.  
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6.2.10. Statistical analysis 

The data are presented as mean ± SD. Statistical significances were evaluated 

using one way ANOVA, followed by Ducan’s new multiple range tests. SPSS 17.0 

software was used for all calculations, and p < 0.05 was considered statistically 

significant. 

6.3. Results and discussion 

6.3.1. Exopolysaccharide attenuates the severity of DSS-induced colitis 

The DSS-induced colitis animal model is commonly used to study the 

pathogenesis of ulcerative colitis, and screen potential therapeutic interventions 

(Xiao et al., 2015). Starting from day 4, DSS resulted in rapid loss of body weight 

and serious clinical disease symptoms (diarrhea and ocult fecal blood) in 

C57BL/6 mice, and lasted 5 days. After that, mice began to recover. 

Exopolysaccharide treatment improved body weight recovery and DAI of 

DSS-treated mice when compared with the DSS model group (Fig. 6.1 and Fig. 

6.2). It is well known that DSS-induced model of colitis is related with a marked 

decrease in colon length. Treatment with exopolysaccharide prevented colon 

length shortening and weight loss (Fig. 6.3 and Fig. 6.4). These results suggest 

that oral administration of exopolysaccharide have inhibitory activity on body 

weight loss and shortening of the colon in DSS-induced colitis. Similarly, in 

another study, oral administration of lentinan ameliorated DSS-induced colitis in 

body weight loss and shortening of colon lengths in inflamed tissues (Nishitani et 

al., 2013). 
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Fig. 6.1. Exopolysaccharide attenuated body weight change of mice with DSS-induced colitis. 

Data are expressed as mean ± SD (n=10). ** p < 0.01, compared with DSS model group. ps1: 

Low MW; ps2: Medium MW; ps3: High MW. (Exopolysaccharide treatment improved body 

weight recovery of DSS-treated mice) 

 

Fig. 6.2. Exopolysaccharide recovered disease activity index of mice with DSS-induced 

colitis. Data are expressed as mean ± SD (n=10). * p < 0.05, ** p < 0.01, compared with DSS 

model group. ps1: Low MW; ps2: Medium MW; ps3: High MW. (Exopolysaccharide 

treatment attenuated DAI of DSS-treated mice) 
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Fig. 6.3. Exopolysaccharide recovered colon length of mice with DSS-induced colitis. Data 

are expressed as mean ± SD (n=10). ## p < 0.01, compared with control group; ** p < 0.01, 

compared with DSS model group. ps1: Low MW; ps2: Medium MW; ps3: High MW. 

(Treatment with exopolysaccharide prevented colon length shortening) 

 

Fig. 6.4. Exopolysaccharide recovered colon weight change of mice with DSS-induced colitis. 

Data are expressed as mean ± SD (n=10). ## p < 0.01, compared with control group; ** p < 

0.01, compared with DSS model group. ps1: Low MW; ps2: Medium MW; ps3: High MW. 

(Treatment with exopolysaccharide prevented weight loss) 

6.3.2. Exopolysaccharide reduces colonic tissue damage  

As shown in Fig. 6.5, 2.0% DSS in autoclaved water caused extensive colonic 

tissue damage, including inflammatory cell infiltration, lesion formation and crypt 

destruction. Mice with exopolysaccharide treatment indicated less colonic damage. 

Mucosal damage and inflammation in both the distal and proximal colon were 

greatly increased in the DSS model group, whereas the inflammation, mucosal 

and crypt damages and particularly lymphocyte infiltration in the medium and 

high MW exopolysaccharide groups were significantly suppressed (Fig. 6.5(a)). 
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However, low MW exopolysaccharide could not suppress the mucosal, crypt 

damages and lymphocyte infiltration. These findings show that oral administration 

of exopolysaccharide with high and medium MW have an intestinal 

anti-inflammatory activity by recovering severity of inflammation, inflammatory 

cell infiltration to colonic mucosa, the degree and extent of epithelia damage. It is 

agreement with other study, Nishitani et al. (2013) suggested that lentinan could 

decrease histological score in DSS-induced colitis.  

 

 

Fig. 6.5. Exopolysaccharide recovered histopathological changes of mice with DSS-induced 

colitis. (A) Histological analysis; (B) Histological score. Data are expressed as mean ± SD 

(n=10). ## p < 0.01, compared with control group; ** p < 0.01, compared with DSS model 

group. ps1: Low MW; ps2: Medium MW; ps3: High MW. (Exopolysaccharide with medium 

and high MW groups significantly suppressed the inflammation, mucosal and crypt damages 

and particularly lymphocyte infiltration) 

(A) 

(B) 
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6.3.3 Exopolysaccharide decreases colonic MPO activity 

Consistent with the histological scores, Fig. 6.6 showed colonic MPO activity was 

greatly increased in the DSS model group (3.05 ± 0.49 U/g), whereas the MPO 

activities in the exopolysaccharide-treated groups were significantly reduced, in 

particular in those mice treated with medium (1.72 ± 0.20 U/g) and high MW 

exopolysaccharide (1.29 ± 0.34 U/g). In another sutdy, beta-glucan from P. 

sajor-caju reduced the MPO levels induced by LPS, compared to the control 

group (Silveira et al., 2014).  

 

Fig. 6.6. Exopolysaccharide inhibited MPO activity of mice with DSS-induced colitis. Data 

are expressed as mean ± SD (n=10). ## p < 0.01, compared with control group; ** p < 0.01, 

compared with DSS model group. ps1: Low MW; ps2: Medium MW; ps3: High MW. 

(Exopolysaccharide with medium and high MW groups inhibited MPO activity) 

6.3.4. Exopolysaccharide suppresses NO production 

In Fig. 6.7, exopolysaccharide with high (74.28 ± 15.33 μM) and medium (126.9 

± 5.87 μM) MW could inhibit NO production in colon tissue of mice with 

DSS-induced colitis (193.2 ± 23.15 μM) compared with the control group mice 

(61.22 ± 7.07 μM). However, low MW exopolysaccharide (189.2 ± 9.03 μM) 

could not suppress NO production of mice with DSS-induced colitis. It was in 

agreement with previously published paper. Xu et al. (2012a,b) have reported that 
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glucan from Lentinus edodes exhibits NO inhibition effect in LPS-induced RAW 

264.7 macrophages. Moreover, beta-glucan from Saccharomyces cerevisiae 

inhibited LPS-induced NO production by 35-70% at concentration of 120-200 μg 

mL
-1

 (Xu et al., 2012c). It can be speculated that the NO production inhibition of 

polysaccharide might not depend on the natures of the materials. The biological 

activity might be related with the structure and conformation of polysaccharides.  

 

Fig. 6.7. Exopolysaccharide inhibited NO production of mice with DSS-induced colitis. Data 

are expressed as mean ± SD (n=10). ## p < 0.01, compared with control group; ** p < 0.01, 

compared with DSS model group. ps1: Low MW; ps2: Medium MW; ps3: High MW. 

(Exopolysaccharide with medium and high MW groups inhibited NO production) 

6.3.5. Exopolysaccharide inhibits IFN-γ, IL-4, IL-10 and IL-17 production 

As shown in Fig. 6.8, exopolysaccharide with high (343.6 ± 93.02 pg/mL) and 

medium (523.5 ± 64.75 pg/mL) MW could inhibit IFN-γ production in colon 

tissue of mice with DSS-induced colitis (961.5 ± 53.98 pg/mL) compared with the 

control group mice (382.9 ± 55.6 pg/mL). However, low MW exopolysaccharide 

(758.7 ± 102.8 pg/mL) could not suppress IFN-γ production of mice with 

DSS-induced colitis. Moreover, exopolysaccharide with high (252.6 ± 15.42 

pg/mL) and medium (248.9 ± 47.83 pg/mL) MW could inhibit IL-10 production 



 115 

in colon tissue of mice with DSS-treated group (448.7 ± 70.38 pg/mL) compared 

with the control group (236.7 ± 10.53 pg/mL). Positive group also could decrease 

IL-10 production to 299.4 ± 50.38 pg/mL. Exopolysaccharide with high (32.64 ± 

3.32 pg/mL) and medium (12.25 ± 1.77 pg/mL) MW could inhibit IL-17 

production in colon tissue of mice with DSS-induced colitis compared with DSS 

model group(56.21 ± 3.00 pg/mL). However, low MW exopolysaccharide (45.46 

± 6.76 pg/mL) could not suppress IL-17 production of mice with DSS-induced 

colitis. These finding showed that both medium and high MW exopolysaccharide 

inhibit the concentration of IFN-γ, IL-10 and IL-17 in DSS-induced colitis.  

 

 

Fig. 6.8. Exopolysaccharide inhibited cytokines (IFN-γ, IL-4, IL-10 and IL-17) production of 

mice with DSS-induced colitis. Data are expressed as mean ± SD (n=10). ## p < 0.01, 

compared with control group; ** p < 0.01, compared with DSS model group. ps1: Low MW; 

ps2: Medium MW; ps3: High MW. (Medium and high MW exopolysaccharide inhibit the 

concentration of IFN-γ, IL-10 and IL-17 in DSS-induced colitis) 
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6.3.6. Immuno-histochemistry analysis 

The number of macrophages in the colons of DSS-treated group was significantly 

higher than in the control group (Fig. 6.9(A)). Compared with DSS-induced group, 

there were considerably fewer macrophages in the colons of exopolysaccharide 

with high and medium MW. However, low MW exopolysaccharide had many 

macrophages. In addition, GSH level decreased in the DSS-treated group (0.298 ± 

0.028) compared with control group (0.483 ± 0.056) (Fig. 6.9(B)). Positive group 

could increase GSH level 0.440 ± 0.108. Compared with positive group, 

exopolysaccharide with low, medium and high MW treatment group increased 

GSH level, 0.444 ± 0.107 and 0.480 ±0.056, respectively. 

 

 

(A) 

(B) 



 117 

Fig. 6.9. Exopolysaccharide improved macrophage infiltration in colons of DSS-induced mice. 

(A) Immuno-histochemical analysis of colonic macrophages; (B) GSH level of colonic 

macrophages. Data are expressed as mean ± SD (n=10). ## p < 0.01, compared with control 

group; * p < 0.05, ** p < 0.01, compared with DSS model group. ps1: Low MW; ps2: 

Medium MW; ps3: High MW. (Exopolysaccharide with low, medium and high MW treatment 

group increased GSH level) 

  To clarify the effect of the chain conformation on bioactivity, the triple-helix 

exopolysaccharide with high MW was degraded to low MW exopolysaccharide 

with random coiled chains. The low MW (197 kDa) could not recover the 

inflammation, due to the random coil chains. The exopolysaccharide with low 

MW (197 kDa) did not recover the anti-inflammatory activity in DSS-induced 

mice. The reason for that is the single-helix form converted to random coiled form 

by ultrasonic degradation.  

  The results reveal that anti-inflammatory activities of exopolysaccharide are 

strongly related with the MW and conformation. The possible mechanism of 

effect of structure on bioactivity was the ordered triple helix conformation was 

destroyed by break the intermolecular interaction between water molecules and 

side glucose residues with ultrasonic degradation. The ultrasonic treatment did not 

impair the preliminary chemical structure using IR analysis.  

6.4. Summary 

As a conclusion of DSS-induced animal model assay, exopolysaccharide with 

medium and high MW from S. commune could attenuate clinical symptoms of 

DSS-induced mice including body weight loss, stool consistency and bleeding. In 

addition, oral administration of exopolysaccharide with medium and high MW 

prevented colon shortening and colon tissue damage induced by DSS, and 
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attenuated the colonic MPO activity, NO, IFN-γ, IL-10 and IL-17 production of 

DSS-induced mice.  

  The triple and single helix exopolysaccharide with medium (936 kDa) and high 

(1437 kDa) MW had the higher anti-inflammatory activity in DSS-induced mice 

model. Such bioactivity in exopolysaccharide decreased when the 

exopolysaccharide changed to random coiled chain, showing the correlation 

between anti-inflammatory activity and helix structure of exopolysaccharide. The 

DSS-induced animal model tests indicate that the exopolysaccharide with triple 

and single helix chains having high and medium MW had higher 

anti-inflammatory activity.  
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CHAPTER VII Conclusions 

7.1. Conclusions of current work 

In this work, an exopolysaccharide was isolated, purified and characterized from S. 

commune. It exhibits homogeneity with MW of 2900 kDa and many evidences 

present that it is bounded with protein, indicateing as heteropolysaccharide with a 

β-type glycosidic linkage. It belongs to a kind of β-(1→3)-D-glucans consisting of 

a backbone of β-(1→3)-linked glucose residues branched with (1→4) and 

(1→6)-β-D-glucopyranosyl residues on main-chain residues. Monosaccharide 

composition analysis show that the exopolysaccharide consisted with ribose, 

rhamnose, xylose, arabinose, glucose, mannose, and galactose. Glucose (57.5%) is 

the main content of monosaccharide. The degradation temperature of 

exopolysaccharide is 278.9°C from the thermogram analysis curve. This 

exopolysaccharide looks like thin film with smooth and glittering surface. It is 

clear from these images that the exopolysaccharide is linear in structure and 

branched or coiled in aqueous solution. 

  The results conclude that this exopolysaccharide could significantly decrease 

iNOS mRNA expression in a dose-dependent manner and 5-LOX production in 

LPS-induced RAW 264.7 macrophages. The in vivo effects of exopolysaccharide 

were also examined using DSS-induced colitis in mice. Exopolysaccharide 

attenuate DSS-induced body weight loss, diarrhea, fecal blood, and shortening of 

colon and recovered colitis in histological level. These results indicate that 

exopolysaccharide is capable of preventing the clinical manifestations of 
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DSS-induced IBD. Exopolysaccharide also could inhibit the NO production and 

IL-4 and IL-17A secretion in mice with DSS-induced colitis. 

  Ultrasound treatment has been testified to be an effective technology to obtain 

small MW exopolysaccharide with lower viscosity and excellent 

anti-inflammatory activity from mycelial fermentation of S. commune. 

Box-Behnken response surface design coupled with numerical optimization 

technique was applied to optimize the individual and interactive effects of process 

variables on the anti-inflammatory activity of exopolysaccharide. ANOVA 

indicate the effects of the variable (initial concentration) is significant and 

quadratic models are obtained for predicting responses. The optimum conditions 

determined are as follow: Initial concentration of 0.4%, ultrasonic power of 600 

W and duration of ultrasonic irradiation of 9 min. Under these optimal conditions, 

a maximum NO inhibition rate of 95 ± 0.03% can be achieved, which 

corresponded well with the value that was predicted by the model. Applying the 

ultrasonic treatment to obtain small MW exopolysaccharide will not only increase 

its anti-inflammatory activity but also improve oral absorption and utilization rate. 

  The conformation of exopolysaccharide with low, medium and high MW was 

evaluated through AFM, X-ray diffraction, particle size distribution and viscosity 

analysis. The results indicate that high and medium MW exopolysaccharide had 

triple- and single-helix conformation. The exopolysaccharide with low MW 

exhibited the random coiled conformation.  
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  Results of animal experiments provide evidence that diet supplementation with 

high and medium MW exopolysaccharide significantly decrease disease activity 

index, colon shortening, histological damage and colonic MPO, NO of 

DSS-induced animal. High and medium MW exopolysaccharide treatment 

increase DSS-induced infiltration of macrophages. Moreover, exopolysaccharide 

with high and medium MW improves anti-inflammatory activity in the animals 

with gut inflammation through inhibition of IL-17 production.  

  In conclusions, there is a very confirmed relationship between the 

anti-inflammatory activity and the triple- and single-helix conformation and MW 

in exopolysaccharide. The triple and single helix conformation and MW play an 

important role in the enhancement of the intestinal anti-inflammatory activities. 

7.2. Limitation of the current work  

The exact structures of most helical polysaccharide remain obscure. The 

development of a reliable method for determining the helical structures are 

essential challenges in this field. Moreover, the ratio of triple helix and single 

helix of polysaccharide was not clear at present, which will be further studied.  

7.3. Future work 

These studies show that S. commune exopolysaccharide had intestinal 

anti-inflammatory potential. Elucidation of anti-inflammatory mechanism in terms 

of signaling pathways on macrophages and animal model will be further studied. 

More further studies are needed to clarify the detailed role of polysaccharide 

played in the NO production dependent on TLR2. Further the upstreaming and 
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down-streaming JNK MAPK signaling pathways, transcription factors and the 

receptors involved in the anti-inflammation mechanism need to be further studied. 

Moreover, the structure-anti-inflammatory activity relationship needs special 

attention. The possibility of using a natural product as inhibitor of inflammation 

open a new research field based on medicinal usage of mushrooms and their 

compounds.  
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