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A B S T R A C T   

Ethnopharmacological relevance: Lignosus rhinocerotis (Cooke) Ryvarden cultivar TM02, also known as tiger’s milk 
mushroom, is regarded as important folk medicine in Malaysia, while is used for the treatment of liver cancer, 
chronic hepatitis, gastric ulcer in traditional Chinese medicine. However, there is no compilation of scientific 
evidence that its protection for gastric, and no attempts have been made to understand how polysaccharides in 
Lignosus rhinocerotis might promote intestinal mucosal wound healing. 
Aim of the study: This study aimed to investigate the effect and mechanism of β-glucan prepared from 
L. rhinocerotis using an enzymatic method on epithelial restitution during intestinal mucosal damage. 
Materials and methods: Based on FT-IR, MALDI-TOF-MS, HPSEC-MALLS-RID, and AFM, the structure of poly-
saccharides from L. rhinocerotis was analysed. In addition, polysaccharides were used to test for wound healing 
activity in IEC-6 cells by measuring cell migration, proliferation, and expression of cell division control protein 
42, Rac-1, RhoA, and Par-3. 
Results: β-glucan was extracted using enzyme-assisted extraction, and a yield of approximately 8.5 ± 0.8% was 
obtained from the dried biomass. The β-glucan extracted by enzyme-assisted extraction (EAE) of polysaccharides 
was composed entirely of D-glucose with a total carbohydrate content of 95.5 ± 3.2%. The results of HPLC, FTIR, 
and MALDI-TOF-MS analyses revealed EAEP to be confirmed as β-glucan. The molecular weight of prepared 
β-glucan was found to be 5.315 × 104 g/mol by HPSEC-MALLS-RID. Furthermore, mucosal wound healing 
studies showed that the treatment of IEC-6 with a β-glucan concentration of 200 μg/mL promoted cell migration 
and proliferation, and it enhanced the protein expression of cell division control protein 42, Rac-1, RhoA, and 
Par-3. 
Conclusions: The present study reveals that the prepared β-glucan accelerates intestinal epithelial cell prolifer-
ation and migration via activation of Rho-dependent pathway. Hence, β-glucan can be employed as a prospective 
therapeutic agent for the treatment of diseases associated with gastrointestinal mucosal damage, such as peptic 
ulcers and inflammatory bowel disease.   

1. Introduction 

Lignosus rhinocerotis (Cooke) Ryvarden, also known as tiger’s milk 

mushroom, belongs to the family Polyporaceae, and grows widespread 
across Malaysia, South China and other Southeast countries (Chang and 
Lee, 2010). It is identified as Polyporus rhinoceros (Cooke), which is a 
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taxonomical synonym of L. rhinocerotis. These mushrooms are 
commonly used by indigenous people in Asia as they possess several 
ethnobotanical uses (Lai et al., 2011). The sclerotium of the mushroom is 
either eaten raw or its decoction is consumed for the treatment of 
asthma, chronic hepatitis, cough, fever, and food poisoning (Burkill, 
1935; Chang and Lee, 2004; Lee et al., 2009; Nianlai, 1999). It contains a 
considerable amount of bioactive metabolites, including poly-
saccharides, and polyphenols, and proteins (Lee et al., 2014). The hot 
water-soluble fraction of P. rhinocerus containing polysaccharides and 
proteins, has been shown to exhibit antiproliferative effects against 
various human leukemic cell lines, such as THP-1, K562, and HL-60 (Lai 
et al., 2008). 

Recently, studies have reported that L. rhinocerotis is an excellent 
source of β-glucan, which is mainly composed of β-(1 → 3) glucan 
(Nallathamby et al., 2018). β-glucan is a major constituent of hot water 
extracts of L. rhinocerotis (Lau et al., 2013). β-glucans are highly diverse 
and display a wide range of protective activities, which exhibit critical 
roles in immunomodulation, anti-inflammatory and wound healing 
processes (Chanput et al., 2012; Fusté et al., 2019). Moreover, β-glucans 
play an active role in the intestinal mucosal barrier function by stimu-
lating the development and functional differentiation of epithelial, and 
mucosal immune cells, besides secretion of mucus (Han et al., 2017). 
Further, in folk medicine, hot water decoction of L. rhinocerotis has been 
used to treat gastric ulcer (Ka-Hing Wong, 2008). But there are a lack of 
reports on the treatment of gastric ulcer by β-glucan extracted from tiger 
milk ganoderma, and the mechanism of its recovery effect is not clear. 
Therefore, we investigated the application of L. rhinocerotis, particularly 
for in vitro intestinal wound healing. It should be noted that epithelial 
restitution is an essential process for the recovery of intestinal mucosal 
damages. Hence, it will be meaningful to investigate the response of 
intestinal mucosal wound healing by administering β-glucan. Thus, we 
extracted β-glucan from L. rhinocerotis using an enzymatic method, and 
analysed its elemental composition and molecular weight. Furthermore, 
we investigated the effect of β-glucan on epithelial restitution during 
intestinal mucosal damage. 

2. Materials and methods 

2.1. Chemicals and reagents 

Tri-fluoroacetic Acid (TFA), acetonitrile and salicylate were pro-
cured from Aladdin (China). α-Amylase from Bacillus subtilis and 
α-cyano-4-hydroxycinnamic acid were purchased from Sigma-Aldrich, 
USA. Acetic anhydride, ethyl acetate, and dichloromethane (XiLong 
Scientific Co., China), standards, and other chemicals (J & K Scientific 
Ltd., China) were used in the present study. Dulbecco’s modified eagle’s 
medium (DMEM) and phosphate-buffered saline (PBS) were purchased 
from GE Healthcare Life Sciences, USA. Fetal bovine serum (FBS) was 
purchased from Every Green Zhejiang Tianhang Biotechnology Co. Ltd, 
China. Primary antibodies 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl- 
2H-tetrazolium bromides (MTT), 4’6-diamidino-2-phenylindole (DAPI), 
and secondary antibodies such as rabbit monoclonal Cdc-42, Rac-1, Rho 
A, and mouse monoclonal GADPH were purchased from Beyotime, 
China. All other chemicals used were of analytical grade. 

2.2. Preparation of β-glucan from the sclerotium of L. Rhinocertis cultivar 
TM02 

The sclerotia were gifted by Ligno Biotech Sdn Bhd, Malaysia and 
were identified according to the previously described method (Lee et al., 
2014). Further, sclerotia were freeze-dried and powdered (0.2 mm in 
size) to result in dry soft light brown powder. The polysaccharides from 
the sclerotium of L. rhinocertis were prepared according to the method 
described by Song et al. (2018). Briefly, 25 g of freeze-dried powder was 
mixed with three-volumes of water and preheated at 100 ◦C for 30 min, 
and then the α-amylase was added (1% of enzyme addition (v/w, raw 

material). The pH of the resulting mixture was adjusted to 4.5, and then 
the enzyme-assisted extraction was performed at 90 ◦C for 24 h with 
α-amylase. Further, the temperature was increased up to 100 ◦C for 20 
min to inactivate α-amylase activity. The pH of the resulting mixture was 
adjusted to 7, and then the enzyme-assisted extraction was performed at 
37 ◦C for 3 h with protease. The enzyme hydrolysate was centrifuged at 
7000 g for 20 min at 4 ◦C, and the residue was removed. The supernatant 
was subjected to ice-cold ethanol precipitation, and the precipitate was 
collected by centrifugation. Then the pellet was collected and dialysed 
(using dialysis membrane having molecular weight cut-off 6–8 kDa). 
Then, dialysate was collected and lyophilised to yield of prepared 
β-glucan. 

2.3. Quantification of monosaccharides 

The total carbohydrate content was determined as per the reported 
method of Dubois et al., 1956 (DuBois et al., 1956). The monosaccharide 
composition of β-glucan was estimated by high-performance liquid 
chromatography (HPLC) technique (Li et al., 2020; Wang et al., 2018). 
Ten milligrams of β-glucan was dissolved and hydrolysed using 1 mL of 
2 mol/L TFA at 120 ◦C for 2 h. Then, the hydrolysate was dried under 
nitrogen gas, and the dried hydrolysate was dissolved in 50 μL of a 
methanolic solution containing 0.6 mol/L NaOH and 0.5 mol/L of 
1-phenyl 3-methyl-5-pyrazolone. The solution reacted at 70 ◦C for 100 
min, and then the resulting mixture was extracted three times with 
dichloromethane. The aqueous layer was filtered using a 0.45 μm 
membrane filter. The standard monosaccharide solutions (glucose, 
mannose, rhamnose glucuronic acid, galacturonic acid, galactose, 
arabinose and fucose) were prepared using the protocol as mentioned 
earlier. HPLC system (Alltech, USA) operated at 30 ◦C with a diode array 
detector, and Vision HT C18 column was used for the analyses of 
1-phenyl 3-methyl-5-pyrazolone labelled monosaccharides. The mobile 
phase comprised of solvent A (acetonitrile) and B (0.1 mol/L phosphate 
buffer), pH 6.7 and the system was run on isocratic mode (comprising of 
16% A and 84% B). The flow rate was maintained at 1 mL/min, and the 
components were detected at 245 nm. 

2.4. Fourier transform infrared spectroscopy (FT-IR) analysis 

The FT-IR (MAGNA-IR 750, Thermo Nicolet Co., USA) spectrum was 
determined in the frequency range of 4000-400 cm-1 by pressing 
β-glucan (1 mg) and KBr (100 mg) into a pellet. 

2.5. Matrix-assisted laser desorption ionization-time (MALDI) of flight 
mass spectrometry analysis 

The prepared β-glucan was partially hydrolysed by using 1 mol/L 
TFA at 70 ◦C for 2 h, then dried using Nitrogen gas, redissolved in Milli- 
Q water and spotted on a MALDI plate (Bruker Daltonics, Bremen, 
Germany) with 1 μL 25 mg/mL α-cyano-4-hydroxycinnamic acid in 50% 
(v/v) acetonitrile followed by drying under an air stream. Matrix- 
assisted laser desorption ionization time-of-flight mass spectrometry 
(MALDI-TOF-MS) analysis was carried out on an Ultraflextreme work-
station (Bruker Daltonics, Bremen, Germany) equipped with a nitrogen 
laser (337 nm) in negative mode with m/z range of 100–2500. Other 
settings were as follows: laser power intensity of 60%, delayed extrac-
tion time of 350 ns, laser frequency of 25 Hz, the source of 19 kV, 
extraction of 17 kV, and reflector of 20 kV. The images were acquired 
using Bruker Daltonics flex Analysis software. 

2.6. Determination of molecular weight 

The molecular properties were determined according to a previously 
reported study on a high performance size exclusion chromatography 
(HPSEC) system coupled with multiple detectors: a viscometer, a RID, 
and MALLS (Wyatt Technology Co., USA) (Cheong et al., 2015). Using 
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the HPSEC-MALLS-Visc-RID system, equipped with an Agilent 1100 
series LC/DAD system connected with PL aquagel-OH MIXED-H column 
(300 mm × 7.8 mm, i.d., Agilent Technologies, USA) at 30 ◦C, the 
weight-average molecular weight (Mw), intrinsic viscosity [η] and hy-
drodynamic radius (Rh) of prepared β-glucan were determined. The 
procedure used to measure the [η] of prepared β-glucan follows the 
classic mark houwink-sakura equations. The correction of RID was 
performed with a series of known concentrations of aqueous NaCl so-
lutions. The mobile phase, 0.1 mol/L NaNO3 aqueous solution, was used 
at a flow rate of 0.5 mL/min. The solutions were prepared by filtering 
with a 0.22 μm filter membrane, and 50 μL of the sample was injected 
into the system for analysis. Data acquisition and analysis were carried 
out using ASTRA 5.0 software. 

2.7. Atomic force microscopy analysis 

A scanning probe microscope (Dimension Icon; Bruker, Germany) 
was used for the atomic force microscopic analysis of prepared β-glucan. 
The prepared β-glucan solution in distilled water (1 μg mL-1) was soni-
cated for 30 min. After sonication, 2–3 μL of prepared β-glucan solution 
was pipetted onto a mica disc which was subsequently dried at 120 ◦C 
for 30 s prior to study. 

2.8. Cell culture and viability assay 

IEC-6 cells were purchased from Procell Pvt. Ltd., China. IEC-6 cells 
were cultured in DMEM supplemented with 10% FBS, 1 units/mL in-
sulin, 100 units/mL penicillin, and 100 μg/mL streptomycin at 37 ◦C 
under a 5% CO2 atmosphere and constant humidity. Cell proliferation 
was measured using a Trypan blue cell counting method (Zhang et al., 
2014). 6.25 × 104 cells/cm2 were seeded in 24 well plates and incubated 
for 24 h. Then, the cells were treated with various concentrations of 
β-glucan from 0-600 μg/mL and incubated for 24 h, 48 h, and 72 h. 
Then, β-glucan treated and untreated cells were trypsinised, and diluted 
in media with Trypan Blue and counted using a Neubauer’s chamber. 

2.9. Scratch wound assay 

Scratch assays were determined according to a previously reported 
method by Chen et al. (2009) method (Chen et al., 2009). Briefly, 6.25 ×
104 cells/cm2 were seeded in 6 well tissue culture plates, and the cells 
were allowed to reach 90% confluence. Then, the scratches were made 
using 200 μL micropipette tips in all the cells-seeded wells. The wells 
were washed with the medium twice, and cell debris were removed. 
After the cells were allowed to grow in the medium which contained 
100 μg/mL of β-glucan for various time intervals, such as 0 h, 12 h, and 
24 h. Then the cells were fixed and stained with 1% crystal violet. The 
images were taken a Zeiss Axiovert 100 TV inverted microscope. The % 
of wound area was determined by measuring the wounded area devoid 
of the total area of macroscopic view multiplied with 100 and subse-
quent time points as mentioned. All the above experiments were carried 
out in triplicate, with at least an n = 3. 

2.10. Cell migration assay 

Cell migration assays were performed using 24 well Transwell 
chambers (8 μm pore size, Corning.Inc.) according to Chen et al. (2009) 
method (Chen et al., 2009). Briefly, 6.25 × 104 cells/cm2 were seeded to 
the upper chamber with DMEM with 0.5% in and the lower chamber 
filled with culture medium and medium containing 200 μg/mL of 
β-glucan incubated for 24 h. The images were taken using a Zeiss Axi-
overt 100 TV inverted microscope. The total numbers of migrated cells 
were calculated from five randomly selected microscopic views on the 
lower side of the upper chamber. 

2.11. Golgi-orientation assay 

The correct Golgi-orientation was determined by localisation of 
Golgi-apparatus using NBD C6-Ceramide (GeneCopoeia™, USA). 
Briefly, 6.25 × 104 cells/cm2 were seeded on 14 mm collagen-coated 
coverslips and allowed to grow for 24 h. Then, the wound was 
created, and it was directly washed with the medium. The wounded cells 
were incubated for 4 h with the medium containing 200 μg/mL of 
β-glucan. The Golgi-apparatus were localised with NBD C6-Ceramide 
and the nuclei were stained with DAPI. The images were taken using 
an LSM 510 Confocal Microscope (Carl Zeiss, Thornwood, NY) with 40×
objectives and the percentage of correct Golgi orientation were 
calculated. 

2.12. Lamellipodium formation assay 

Lamellipodium formation was determined by localisation of F-actin 
using Actin Green 488 stain (GeneCopoeia™, USA). Briefly, as 
mentioned above, the IEC-6 cells were grown, fixed and permeabilised. 
F-actin and nuclei were localised with Actin Green 488 stain and DAPI, 
respectively. The actin formation at wound edges was measured in five 
randomly selected microscopic views and expressed as lamellipodium 
formation (field area μm2). The cell area of both unwounded and 
wounded migrating cells was determined to cell spreading activities of 
β-glucan by localisation of F-actin. 

2.13. Western blotting analysis 

The expression of Cdc-42, Rac-1, and Rho A of IEC-6 cells were 
determined by Western blotting analysis. Twenty μg of protein from 
control and 200 μg/mL of β-glucan treated cells were separated on SDS- 
PAGE gel electrophoresis. Later, the proteins were transferred onto Poly- 
Vinylidene Di-Fluoride (PVDF) membranes from the gel. Then, the 
membranes were blocked with 5% non-fat dry milk in TBST buffer 
(blocking buffer) for 1h at room temperature. After blocking, the 
membranes were washed with Tri-buffered saline (TBST) and incubated 
with appropriate primary antibodies, such as Cdc-42, Rac-1 and RhoA, 
and GAPDH in TBST containing 3% BSA for overnight at 4 ◦C. After that, 
an incubated membrane with secondary antibodies conjugated HRP in 
blocking buffer for 1 h at room temperature and detected with enhanced 
chemiluminescence detection reagent (Beyotime, China) and quantified 
using an ImageQuant LAS 400 mini system (GE healthcare UK ltd). Anti- 
GAPDH antibody was used as an internal control. 

2.14. Statistical analysis 

The values from three experiments are presented as the mean ± SEM 
and level of significance analysed by one way ANOVA and Tukey test- 
(*p < 0.05,**p < 0.01 and, ***p < 0.005) using GraphPad Prism (V6.0). 

3. Results and discussion 

3.1. Compositional analysis of prepared β-glucan 

Carbohydrates, especially glucans, are the major constituents of 
L. rhinocerotis while fat content account for less than 1% (Yap et al., 
2013). The aqueous extract of L. rhinocerotis comprises of glucans and 
about 82–93% of glucans is composed of β-glucan (Lau et al., 2013). In 
the present study, hot water extraction was used, and the yield of pre-
pared β-glucan was about 8.5 ± 0.8% from dried biomass. The total 
carbohydrate content of prepared β-glucan was 95.5 ± 3.2%, and HPLC 
analysis revealed that prepared β-glucan entirely compose of D-glucose 
(Fig. 1A) while a minor amount of protein was detected. This corre-
sponds well to the composition glucan extracted by Hu et al. using alkali 
solution (Hu et al., 2017). Our findings revealed that the extracted 
β-glucan could be glucan with a homo-polysaccharide nature. The 
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prepared β-glucan was subjected to functional and structural analyses. 

3.2. Functional groups analysis of prepared β-glucan 

The FT-IR spectrum of the prepared β-glucan is shown in Fig. 1B. The 
broad band around 3400 cm-1 could be due to the stretching vibration of 
O–H (Gonzaga et al., 2013). The weak absorption peak around 2928 
cm-1 was assigned to the C–H stretching vibration of the sugar. The 
strong peak at 1632 cm-1 was due to the presence of water. The band 
around 1401 cm-1 and 1151 cm-1 could be due to the deforming vibra-
tions of C–H bond (Tian et al., 2017). The peak at 1078 cm-1 was 
assigned to C–O vibration of β-glucan. The band around 1027 cm-1 

represents the fingerprint region for carbohydrates (Gonzaga et al., 
2013). The bands related to O–H, C–H, and C–O groups are character-
istic of polysaccharides absorption (Xu et al., 2018). The minor identical 
absorption band around 891 cm-1 might be related to β-type glycosidic 
linkages or β-configurations. 

3.3. Structural analysis of prepared β-glucan 

MALDI-TOF-MS is a standard tool for the structural analysis of oli-
gosaccharides (Ray, 2006). MALDI-TOF-MS analysis confirmed the 
presence of β-(1 → 3) glucan in the prepared β-glucan. Table 1 and 
Fig. 1C show the molecular mass of prepared β-glucan. The mass of the 
singly charged molecular ion was calculated as 162.14n + 22.990 Da 
and 162.14n + 22.990 + 18.015 (mass of reducing end residue) Da 
respectively, where n is the number of glucose units. For example, if n =
10, the mass of the corresponding glucan should be 1661.4 Da. The mass 
region of the ion peaks was observed with a peak-to-peak mass differ-
ence of 162.1 Da (one hexose unit), consistent with the repeating units of 
β-(1 → 3) glucan. Similar observations have been reported previously 
(Chan and Tang, 2003; Hung et al., 2008; Kao et al., 2011) for high 
molecular weight polysaccharides. The MALDI-TOF mass results showed 
that the prepared β-glucan is composed of a mixture of glucose polymers 
with a molecular weight of approximately 527.1085–2471.6895 Da and 
having DP = 3–15. In the present study, based on information obtained 
via sugar compositional, FTIR, and MALDI-TOF-MS analyses, it is safe to 
confirm that the extracted polysaccharide fraction is β-glucan. 

3.4. Molecular weight and rheological analysis of β-glucan 

The HPSEC-MALLS-RID method is used for quantification and mo-
lecular weight determination (Zhang et al., 2020). In the present study, 
HPSEC-MALLS-RID was used to determine the molecular weight, 
intrinsic viscosity and hydrodynamic radius, as shown in Fig. 2A. The 
molecular weight of β-glucans was found to be 5.315 × 104 g/mol. This 
molecular weight has not been reported in other studies; the molecular 
weight of soluble β-glucan reported in the literature ranged from 1.0 ×
105 to 7.7 × 105 g/mol, and β-glucan from L. rhinoceros in the previous 
study was reported to be 2.88 × 105 g/mol. The molecular weight of 
polysaccharides varied according to cultivar, content, growing envi-
ronment condition, and extraction method (Xu et al., 2017). 

The intrinsic viscosity and hydrodynamic radius of prepared 
β-glucan in water were found to be 10.33 mL/g and 39.64 nm, respec-
tively. The Mark-Houwink-Sakurada equation was used to assess the 
relationship between [η] and Mw, and is usually related to the shape of 
polysaccharides in aqueous solution and was calculated as 0.428, which 
indicated that β-glucans have a sphere-like structure (Wang and Zhang, 
2009). 

3.5. Microstructure analysis of β-glucans 

Atomic force microscopy (AFM) is used for surface characterisation 
and microstructural evaluation of various biomolecules (Khan et al., 
2020; Wang et al., 2018). Furthermore, we can directly observe the 
physiological condition of biomacromolecules using AFM (Li et al., 
2010). AFM has also been used for the imaging of polysaccharides, 
which are extracted from different living matter (Wei et al., 2016). 

Fig. 1. Basic composition and Structural analysis β-glucan from L. rhinocerotis 
(A) Monosaccharide composition 1: blank; 2: standard monosaccharides (i: 
mannose; ii: rhamnose; iii: glucuronic acid; iv: galacturonic acid; v: glucose; vi: 
galactose; vii: arabinose; viii: fucose); 3: the monosaccharide composition of 
prepared β-glucan from L. rhinocerotis. (B) FTIR spectrum of prepared β-glucan 
L. rhinocerotis (C) MALDI-TOF-MS of oligosaccharides derivatives of β-glucan. 

Table 1 
MALDI-TOF-MS analysis of β-glucan from L. rhinocerotis.  

Found Mol Mass (Na form) Theoretical Mol Mass Structures 

527.1 504.4 Glc-Glc-Glc 
689.2 666.6 Glc-(Glc)2-Glc 
851.2 828.7 Glc-(Glc)3-Glc 
1013.3 990.8 Glc-(Glc)4-Glc 
1175.3 1153.0 Glc-(Glc)5-Glc 
1337.3 1315.1 Glc-(Glc)6-Glc 
1499.4 1477.2 Glc-(Glc)7-Glc 
1661.4 1639.4 Glc-(Glc)8-Glc 
1823.5 1801.5 Glc-(Glc)9-Glc 
1985.5 1963.7 Glc-(Glc)10-Glc 
2147.6 2125.8 Glc-(Glc)11-Glc 
2309.6 2287.9 Glc-(Glc)12-Glc 
2471.7 2450.1 Glc-(Glc)12-Glc  
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Fig. 2B shows that β-glucans existed as small and dispersed spheres in 
nature. The surface characterisation and microstructure evaluation of 
β-glucans was similar to that of polysaccharides from Glycyrrhiza ura-
lensis (Wang et al., 2018). 

3.6. β-glucan promotes cell proliferation in IEC-6 cells in a time- 
dependent manner 

Intestinal epithelial cells play an essential role in the protection of 
the gastrointestinal tract from physiological activities, including food 
digestion, intestinal inflammation, oxidative stress, microbial interac-
tion, exposure to toxic luminal substances, and pharmacological activ-
ities (Iizuka and Konno, 2011). Sometimes these activities can damage 
epithelial cells, which leads to gastrointestinal diseases. To recover from 
such damage, cells initiate the restoration process, which is termed as 
epithelial restitution or mucosal wound healing process (Omelchenko 
et al., 2003). Epithelial restitution is specifically balanced by a series of 
recovery processes, which include cell proliferation, migration and dif-
ferentiation of the epithelial cells present near the damaged area. The 
intestinal epithelial cells (IEC-6) have been used in studies related to 
cellular, genetic, and molecular mechanisms of small intestinal mucosal 
repair (Zhang et al., 2014). To demonstrate the influence of β-glucan on 
intestinal mucosal wound healing, IEC-6 was used as an intestinal 
mucosal wound healing model. 

Many studies have reported that β-glucans stimulate the activation of 
both immune and non-immune cells to promote wound repair. 
Furthermore, β-glucans also promote cell proliferation, migration and 
procollagen secretion in keratinocytes. However, no similar studies on 
the use of β-glucan for intestinal mucosal wound healing are available at 
present. Superficial small wounds heal by spreading and migration of 
the epithelium, while larger wounds of ulcerative colitis and Crohn’s 
disease require enhanced cell proliferation (Owen et al., 2011). Hence, 
we studied the effect of β-glucan on the proliferation and migration of 
IEC-6 cells during damage. First, we studied the effects of β-glucan on 
cell proliferation, and the results showed that 200 μg/mL of β-glucan 
significantly increased (p < 0.05) the proliferation of IEC-6 cells at 48 

and 72 h (Fig. 3A). The polysaccharides from Astragalus membranaceus 
induce proliferation of IEC-6 cells at a low dose, while high doses show 
the opposite effect (Zhang et al., 2014). Hence, 200 μg/mL of β-glucan 
concentration was used for further analyses. Many studies have reported 
that β-glucans promote cell proliferation in a time-dependent manner. 
β-glucan from barley induces a short cell proliferation arrest in kerati-
nocytes after 24 h of incubation (Fusté et al., 2019). However, after a 
prolonged incubation for 48 h, the cells improved and cell proliferation 
resumed. The effect of β-glucan on cell proliferation varied in a cell 
type-dependent manner (Seo et al., 2019). Furthermore, we studied the 
effect of β-glucan on cell proliferation during mucosal wound healing at 
24 h using EdU incorporation assay. We observed a significant increase 
(p < 0.01) in the percentage of EdU-positive cells not only in the 
non-wounded area but also near the wound edges when compared to 
control cells, as shown in Fig. 3B–E. From the cell proliferation results of 
the present study, it was confirmed that β-glucan can increase cell pro-
liferation during intestinal mucosal wound healing. 

3.7. β-glucan promotes cell migration by epithelial restitution through the 
activation of Rho-dependent pathway to accelerate intestinal mucosal 
wound healing 

Epithelial restitution starts within an hour and continues for days 
after damage, which comprises cell proliferation, migration and differ-
entiation of damaged adjacent cells. First, the surrounding cells near the 
damaged epithelial cells change their columnar polarity and 
morphology and quickly migrate into the leading edge of the wound to 
repair barrier integrity. Finally, differentiation and maturation of 
epithelial cells are necessary to continue the intestinal mucosal barrier 
functions (Iizuka and Konno, 2011). 

Herein, we studied the effect of β-glucan on epithelial restitution 
during mucosal wound healing by analysing the migration, Golgi- 
orientation, lamellipodium formation, and cell spreading through 
various cellular assays. Cell migration was measured using scratch 
wound healing and transwell migration assays. As shown in Fig. 4A–F, 
the scratch wound healing data indicated a significant decreased (p <
0.01) in wound area in β-glucan treated wells compared to control at 12 
and 24 h. As shown in Fig. 5A–C, transwell migration assay data showed 
a significant increase (p < 0.01) in the number of migrated cells in 
β-glucan treated transwells compare to control at 24 h. Therefore, 
β-glucan induced cell migration during mucosal wound healing. 

The directional polarity of the leading edge, such as Golgi posi-
tioning and lamellipodial formation are indispensable for efficient 
epithelial cell movements during the IEC healing process. Hence, we 
assessed the Golgi positioning and lamellipodial formation by local-
isation of the Golgi apparatus and F-actin, respectively, in the leading 
edge of IEC-6 cells of control and β-glucan-treated migrating cells. We 
observed a significant increase in the directional polarity of the leading 
edge in β-glucan-treated cells compared to control migrating cells after 
4 h (Fig. 5D–F). Relative cell areas of control and β-glucan-treated 
migrating cells were measured to determine the cell-spreading activity 
of β-glucans during wound healing (Fig. 5G–I). β-glucans significantly 
increased (p < 0.01) the relative number of cells present in the leading- 
edge when compared to control cells, which is considered an important 
epithelial restitution process. These processes are initiated by localised 
activation of Rho family small GTPs, such as Cdc42, Rac and Rho (Sar-
avanan et al., 2009). Briefly, Rac controls the formation of lamellipodia 
protrusions and membrane ruffles, Cdc42 activates filopodial extensions 
at the cell periphery, and Rho controls the stress fibres and focal adhe-
sion assembly. In the present study, β-glucans induced the protein 
expression of Cdc42, Rac1, and RhoA significantly (p < 0.05) compared 
to the control, as shown in Fig. 6. Further, Par3 expression was also 
significantly increased in β-glucan-treated cells vs. control. Par3 regu-
lates Golgi-orientation during epithelial restitution. Hence, these results 
suggest that β-glucans activate the Rho-dependent pathway and pro-
mote mucosal wound healing by epithelial restitution. 

Fig. 2. Molecular weight and microstructure analysis of β-glucan from 
L. rhinocerotis. (A) HPSEC-MALLS-RID showing molecular weight distribution 
for β-glucan from L. rhinocerotis (B) AFM analysis of β-glucan in 2D and 3D. 
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4. Conclusion 

In the present study, the molecular weight of the prepared β-glucan 
was found to be 5.315 × 104 g/mol, while the intrinsic viscosity and 

hydrodynamic radius were 10.33 mL/g and 39.64 nm, respectively. 
Furthermore, we also showed that β-glucan can accelerate mucosal 
wound healing, which was enhanced by epithelial restitution processes 
such as Golgi movement, lamellipodial formation, and change in cell 

Fig. 3. β-glucan accelerates cell proliferation on IEC- 
6 cells during mucosal wound healing. A. Effect of 
PHP on cell proliferation in IEC-6 at 24,48 and 72h. 
Fig. 3B–F. β-glucan on cell proliferation during 
mucosal wound healing at 24 h using EdU incorpo-
ration assay and representative image of EdU incor-
porated cell (Pink) and nuclei (Blue): (B) Control, (C) 
β-glucan treated (D) Wound only, (E) β-glucan treated 
on wounded cells and (F) Data have shown control 
and β-glucan treated on wounded. The scale bar is 
100 μm. Data were expressed as mean ± SD ***p <
0.005. (For interpretation of the references to colour 
in this figure legend, the reader is referred to the Web 
version of this article.)   

Fig. 4. β-glucan promotes cell migration on IEC-6 cells. The cell migration was determined by scratch wound assay in IEC-6 cells at 0, 12 and 24 h. (A), (B) Control 
and β-glucan treated at 0, (C) Control at 12 h (D) β-glucan at 24 h (E) Control treated 12 h (F) β-glucan treated 24 h (G) Data shown in % of wound area of control and 
β-glucan treated cells at the different time. The scale bar is 100 μm Data were expressed as mean ± SD (n = 3) ***p < 0.005. 
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surface area through the activation of Rho-dependent pathways. Hence, 
β-glucan prepared from L. rhinocerotis can be employed as a potential 
therapeutic agent for the treatment of diseases associated with gastro-
intestinal mucosal damage, such as peptic ulcer and inflammatory bowel 
disease. 
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Fig. 5. β-glucan promotes cell migration by epithelial 
restitution during mucosal wound healing on IEC-6 
cells. The cell migration was determined by transwell 
migration assay in IEC-6 at 24 h. (A) Control, (B) 
β-glucan treated and (C) Data are shown as the 
number of migrated cells in control, and β-glucan 
treated cells at 24 h. The scale bar is 50 μm. The 
correct Golgi-orientation and lamellipodium forma-
tion was determined by localisation of Golgi appa-
ratus using NBD C6- Ceramide in the leading edge 
and localisation of F-actin using Actin Green ™ 488 
stain, respectively, of IEC-6 at 4 h. (D) Control, (E) 
β-glucan treated and (F) Data shown as % correct 
Golgi-orientation in leading edges of control and 
β-glucan treated cells at 24 h. Representative image of 
localised of Golgi apparatus (green) and nuclei (blue) 
in Fig. 5 (G) Control, (H) β-glucan treated and (I) Data 
shown as lamellipodium formation in leading edges 
of control and β-glucan treated cells at 24 h. The cell 
area of both unwounded and wounded migrating cells 
was measured to determine cell spreading activities 
of β-glucan during wound healing by localisation of F- 
actin. (J) Unwounded, (K) unwounded treated with 
β-glucan and (L) Data are shown as relative cell area 
in wounded and unwounded of control and β-glucan 
treated cells at 24 h. Representative image of local-
ised F-actin (green) and nuclei (blue) in Fig. 6G and 
H. The scale bar is 20 μm Data were expressed as 
mean ± SD (n = 3) *p < 0.05,**p < 0.01 and, ***p <
0.005. (For interpretation of the references to colour 
in this figure legend, the reader is referred to the Web 
version of this article.)   

Fig. 6. β-glucan promotes cell migration by epithelial restitution related pro-
tein expressions during mucosal wound healing on IEC-6 cells. The relative 
protein expressions such as Cdc-42, Rac-1, RhoA, Par-3, and GAPDH were 
measured by Western blot in control and β-glucan treated cells at 24h. Quan-
tification of Cdc-42, Rac-1, Par-3, and GAPDH expression data were expressed 
as mean ± SD (n = 3) *p < 0.05,**p < 0.01 and, ***p < 0.005. 
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