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Abstract: Osteoporosis is a leading world health problem that results from an imbalance between

bone formation and bone resorption. β-glucans has been extensively reported to exhibit a wide

range of biological activities, including antiosteoporosis both in vitro and in vivo. However, the

molecular mechanisms responsible for β-glucan-mediated bone formation in osteoblasts have not

yet been investigated. The oyster mushroom Pleurotus sajor-caju produces abundant amounts of an

insoluble β-glucan, which is rendered soluble by enzymatic degradation using Hevea glucanase to

generate low-molecular-weight glucanoligosaccharide (Ps-GOS). This study aimed to investigate the

osteogenic enhancing activity and underlining molecular mechanism of Ps-GOS on osteoblastogenesis

of pre-osteoblastic MC3T3-E1 cells. In this study, it was demonstrated for the first time that low

concentrations of Ps-GOS could promote cell proliferation and division after 48 h of treatment.

In addition, Ps-GOS upregulated the mRNA and protein expression level of bone morphogenetic

protein-2 (BMP-2) and runt-related transcription factor-2 (Runx2), which are both involved in BMP

signaling pathway, accompanied by increased alkaline phosphatase (ALP) activity and mineralization.

Ps-GOS also upregulated the expression of osteogenesis related genes including ALP, collagen type

1 (COL1), and osteocalcin (OCN). Moreover, our novel findings suggest that Ps-GOS may exert its

effects through the mitogen-activated protein kinase (MAPK) and wingless-type MMTV integration

site (Wnt)/β-catenin signaling pathways.

Keywords: glucanoligosaccharide; pleurotus sajor-caju; osteoblastogenesis; β-1,3-glucanase

1. Introduction

Osteoporosis is a global disease resulting from an imbalance of bone homeostasis. An increase

in the ratio of bone resorption to bone formation causes low bone mass and strength, which leads
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to increased fragility and susceptibility to fracture [1]. The disease occurs in older (>50 year) men

and women [2], with increased likelihood in post-menopausal women. The latter effect is due to the

absence of estrogen [3], which plays a crucial role in maintaining bone metabolic balance in bone

homeostasis [4,5].

Bone remodeling is a continuous process regulated by two major types of bone cell. Osteoclasts

mediate bone resorption to remove small pieces of bone fractures, and osteoblasts mediate bone

formation to form new bone tissue [6]. An imbalance involving an increase in bone resorption and/or a

decrease in bone formation can cause osteoporosis [7].

Osteoblastogenesis—the process of osteoblast proliferation and differentiation contributing to

bone strength and rigidity [8]—is regulated by several signal transduction pathways, including the

bone morphogenetic protein (BMP) signaling pathway. BMP-2, one of the most important growth

factors in the BMP subfamily, plays an important role by regulating the downstream osteogenic

runt-related transcription factor2 (Runx2) [9]. The function of Runx2 is to promote the early stage

of osteoblastogenesis, by triggering the expression of bone matrix genes and calcium deposition for

mineralization [10]. As inhibition of BMP-2 activity is known to result in a loss of induction of the

osteoblast differentiation marker Alkaline Phosphatase (ALP) [11], it follows that BMP-2 is a potential

target to seek alternative novel molecular entities that promote bone formation.

In addition to the BMP signaling pathway, both mitogen-activated protein kinase (MAPK)

and wingless-type MMTV integration site (Wnt)/β-catenin signaling pathways are involved in the

progression of bone remodeling via osteoblast differentiation [12]. MAPK family members extracellular

signal regulated-kinases (ERKs), c-Jun N-terminal kinases (JNKs), and p38 kinaseperform essential

functions in many mammalian cells, including osteoblasts, by controlling proliferation, differentiation,

and development [13]. Additionally, Wnt/β-catenin signaling is required for pre-osteoblast proliferation,

osteoblastogenesis, and inhibition of osteoblast apoptosis [14,15]. In vivo deletion of β-catenin causes

a reduction in bone formation and the induction of ostoclastogenesis [16].

While there are many therapeutics in use for osteoporosis treatment, there are significant risks

associated with them. Long-term use of antiosteoporotic drugs such as estrogen replacement therapy are

associated with breast cancer and ovarian cancer [17,18], while bisphosphonates can cause osteonecrosis

of the jaw [19]. It follows there is a unmet need for new agents, with fewer side effects, that can promote

bone formation.

Various types of naturally-derived compounds, including glycosides, flavonoids, terpenoids,

coumarins, phenols, and phenolates, have been reported to restore bone homeostasis via a range

of cellular mechanisms, including the modulation of transcription factors, bone-specific protein,

signal pathways, and the OPG/RANKL system [20]. β-Glucans, glucose polymers containing a

β-glycosidic link, are derived from natural dietary fiber and are potential candidates for the treatment

or prevention of osteoporosis. Numerous β-glucans, with varying degrees of polymerization and

branching, including β-1→3-, β-1→4-, β-1→6-, β-1→3/1→4-, and β-1→3/1→6-linkages, are found in a

variety of natural sources including cereals, fungi, yeast, bacteria, and algae [21]. β-glucans have been

extensively studied, and a wide range of biological activities have been reported, including immune

enhancement [22] as well as antitumor, anti-aging, antihypocholesterolemic, antihyperglycemic [23],

and antiinflammation activity [24]. Moreover, antiosteoporosis activity has also been reported both

in vitro and in vivo [25]. For example, β-glucan extracted from P. citrinopileatus was shown to inhibit

RANKL-induced osteoclast differentiation [25]. In addition, β-(1,3)-(1, 6)-glucan extracted from

Aureobasidium pullulans had a stimulatory effect on BMP-7-associated osteoblast differentiation [26]

and the suppression of bone loss in an ovariectomy-induced osteoporosis rat, an animal model for

post-menopausal osteoporosis [27]. Nevertheless, the molecular mechanisms by which β-glucans

promote bone formation in osteoblasts have not yet been investigated.

Here, we wished to investigate the enhancing activity and underpinning molecular mechanisms

of a β-glucan, extracted from the popular edible grey oyster mushroom, Pleurotus sajor-caju [28], on

osteoblastogenesis. This mushroom has been widly used in traditional medicine and reported
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to posseses various biological activities, including antimicroorganisms, antitumor, antioxidant,

antihypertension, antidiabetic, and anti-inflammation. According to its various biological activities,

many biologically active compounds have also been studied regarding its role on therapeutic

applications such as β-glucans, proteoglycan, phenolic acids, terpenes, proteins, and sterols [29].

Extracted Pleurotus sajor-caju β-glucan has a high molecular weight and low water solubility. The

biological activities of β-glucans usually depend on physicochemical properties, source, purity, primary

structure, water solubility, and molecular weight [30,31]. Insoluble particulate β-glucans have limited

potential for medicinal applications, but may have more applicability following partial hydrolysis. For

example, curdlan, which is a water-insoluble microbial linear exo-polysaccharide (1→3) β-d-glucan,

has recently been effectively digested with a novel recombinant endo-β-1→3-glucanase to obtain a

water soluble glucanoligosaccharide [32]. Here, we have used Hevea β-1,3-glucanase isozymes GI

and GII, previously reported to specifically hydrolyse glucans such as laminarin [33], containing a

low frequency of β-1,3-d-glucosidic linkages. We have digested particulate β-glucans to obtain a

hydrolysate, Pleurotus sajor-caju glucanoligosaccharide (Ps-GOS), with shorter chain length, lower

molecular weight, and higher water solubility (Ratthajak et al., manuscript in preparation).

The aim of this study is to investigate the effect of Ps-GOS on the proliferation and differentiation

of the murine pre-osteoblastic cell line MC3T3-E1. We show that Ps-GOS promotes MC3T3-E1 cell

proliferation, and induction of BMP-2 and Runx-2, which act coordinately, together with components

of MAPK and Wnt/β-catenin signaling pathways, to enhance both gene expression of osteogenic bone

markers and mineralization.

2. Materials and Methods

2.1. Materials

Alpha modification of Eagle’s minimum essential medium (α-MEM), fetal bovine serum

(FBS), RPMI-1640 phenol red-free medium, and tissue culture reagents were purchased

from Gibco (Grand Island, NY, USA). β-glycerophosphate, l-ascorbic acid, and MTT

(3-(4,5-Dimethylthiazol-2-yl)-2,5-Diphenyltetrazolium Bromide) were purchased from Sigma Aldrich

(St. Louis, MO, USA). All specific primers were synthesized from Sigma Aldrich (St. Louis, MO, USA).

All other reagents and chemicals were the grade quality available.

2.2. Preparation of Water Soluble P. sajor-caju Glucanoligosaccharide (Ps-GOS)

Ps-GOS was obtained from an investigation under the Center of Excellence in Natural Rubber

Latex Biotechnology Research and Development (CERB) (additional details are under patent and will

be published elsewhere). Briefly, the insoluble β-glucan fraction was isolated from the fruiting bodies

of grey oyster mushroom (Pleurotus sajor-caju) according to modified Freimund’s method [34,35].

The β-glucan assay was conducted according to the method of McClear and Glennie-Holmes [36],

using the Mushroom and Yeast β-glucan kit (K-YBGL) (Megazyme International Ireland Ltd., Wicklow,

Ire-land). The soluble β-glucan from P. sajor-caju (Ps-GOS) was prepared by mixing the insoluble

β-glucan (mean particle size as 646.6 ± 299.3 µm determined using a Beckman Coulter LS 230 Laser

Diffraction Particle Size Analyser) with the concentrate enzyme fraction contained 0.66 nkat ml−1 of

glucanase activity (ratio of 1.5%, w/v). The optimized Hevea glucanase conditions of the concentrate

enzyme fraction were chosen according to report of Churngchow et al., [33]. After complete digestion,

the Ps-GOS derived after centrifugation was freeze-dried (mean particle size as 122.7 ± 147.0 µm). Both

insoluble β-glucan and Ps-GOS were subjected to FTIR spectroscopy for structural characterization

(data not shown). Data from electrospray ionization mass spectrometry (ESI-MS) demonstrated the

mass of insoluble β-glucan, and Ps-GOS was distributed from 20 and 5 kDa, respectively.
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2.3. Culture and Differentiation

The murine pre-osteoblast cell line, MC3T3-E1 (subclone 14 CRL-2593), was obtained from

American Tissue Culture Collection (ATCC, Manassas, VA, USA). MC3T3-E1 cells were cultured in

α-MEM containing 10% FBS with 1% penicillin/streptomycin solution (penicillin 100 U/mL, streptomycin

100 U/mL) at 37 ◦C in a 5% CO2 incubator (Thermo Fisher Scientific, Waltham, MA, USA). The culture

medium was changed every 2–3 days, and cells of a passage number 23 were used for all experiments.

To induce osteoblast differentiation, cells were cultured in osteogenic induction medium containing 50

µg/mL l-ascorbic acid and 1 M β-glycerophosphate.

2.4. Cell Proliferation

MTT assay was performed as an indicator for cell proliferation based on the ability of cells to

convert MTT into a formazan reaction product. MC3T3-E1 cells were seeded and then treated with

Ps-GOS at various concentrations for 24 and 48 h. At the end of treatment, cultured cells were washed

with PBS. Next, 5 mg/mL of MTT and RPMI-1640 phenol red-free medium were added and incubated

at 37 ◦C. After 3 h, the mixture was removed and the formazan product was solubilized by acidic

isopropanol. The absorbance was measured by microplate reader at 570 nm.

2.5. Alkaline Phosphatase (ALP) Activity Assay

Cells were seeded in 24 well plates and then treated with different concentrations of Ps-GOS

for 14 days. After treatment, the cells were washed with PBS and lysed with lysis buffer containing

50 mM Tris-HCL (pH 7.4) and 1% Triton X-100 to collect supernatant for determining ALP activity

and protein concentration. ALP activity was determined with 4 mg/mL of 4-nitrophenyl phosphate

(4NPP) in 0.2 M of 2-amino-2-methyl-1-propanol with 4 mM of MgCl2 as a substrate for 30 min at

37 ◦C. The reaction was stopped by 0.1 M NaOH, and the yellow solution was measured at 405 nm.

Protein concentration was measured using the Pierce BCA Protein Assay Kit (ThermoFisher Scientific,

Waltham, MA, USA). ALP activity was normalized to the concentration of protein and showed in the

term of µmole/min/mg of protein.

2.6. Alizarin Red S Staining

Alizarin red S staining was used to determine calcium accumulation. In brief, cells were grown in

24 well plates and treated with Ps-GOS for 14 and 21 days. After incubation, cells were washed with

PBS and then fixed with 10% formaldehyde 15 min. The cells were stained with 40 mM Alizarin red S

solution (pH 4.1–4.3) for 30 min with gentle shaking at the room temperature. To quantify the dye,

nonspecific staining was removed by washing with distilled water five times (5 min/time) and then

solubilizing the stain with cetylpyridinium chloride (CPC) by shaking, and the absorbance at 550 nm

was measured.

2.7. Cell Cycle Analysis

Cell cycle assay was performed by flow cytometry to analyze the cell cycle progression while

treating with Ps-GOS for 48 h. Cells were trypsinized and fixed in 70% ethanol at 4 ◦C for 30 min,

followed by incubation with propidium iodide containing RNase staining solution (Merck, Branchburg,

NJ, USA) for 30 min in the dark to detect DNA content in the cells. The percentage of cells in G0/G1, S,

and G2/M phases was analyzed by flow cytometry Guava easyCyteTM HT (Hayward, CA, USA).

2.8. Quantitative Real-Time Polymerase Chain Reaction (qRT-PCR)

Total RNA from growing cells incubated with Ps-GOS for 24, 48, and 72 h was extract using the

TriPure Isolation Reagent (Roche, Buonas, Switzerland). To generate cDNA, total RNA (1 µg) was used

as a template to transcribe into cDNA using the Transcriptor First Strand cDNA Synthesis Kit (Roche,

Buonas, Switzerland) according to the manufacturer’s instruction. This cDNA was used to determine
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the gene expression for the genes of interest using the gene specific primers detailed in Yodthong’s

study [37] and GAPDH as the house keeping control gene. qRT-PCR reactions were amplified using the

EvaGreen HRM Mix (Solis Biodyne, Tartu, Estonia), and then relative expression ratio was calculated

using the 2−∆∆Ct method.

2.9. Western Blot Analysis

Cells were grown and treated with Ps-GOS in six well plates. After indicated time, the cells were

lyzed with lysis buffer and then centrifuged at 14,000× g for 15 min at 4 ◦C to collect supernatant

for using as total protein extract. The concentration of protein was quantified using a protein assay

kit (Bio-Rad, Hercules, CA, USA). Equal amounts of protein from each sample were loaded onto

10% gels for SDS-PAGE, transferred to nitrocellulose membranes (Amersham Pharmacia Biotech,

Amersham Buckinghamshire, UK), blocked with 5% nonfat dry milk solution for 1 h, and then

incubated with antiBMP-2 (Abcam, Milton, UK), antiRunx2 (Cell Signaling Technology, Beverly, MA,

USA), or antiβ-Actin (Sigma-Aldrich, St. Louis, MO, USA). After washing three times with TBS-Tween,

the blots were probed with an Alexa infrared dye-conjugated secondary antibody (Invitrogen, Carlsbad,

CA, USA) for 1 h and detected the bands by Odyssey Infrared Imaging System (LI-CORE) in accordance

with the manufacturer’s instruction. The relative of the intensity of the protein interesting bands and

the intensity of β-Actin band were compared.

2.10. Immunofluorescence Microscopy

The cells treated with Ps-GOS were grown on sterile collagen-coated coverslips in 24 well plates.

In brief, coverslips were fixed with 4% paraformaldehyde 20 min, quenched with 50 mM NH4Cl

for 2 × 10 min, washed with PBS, and permeabilized with 0.1% Triton X-100 for 10 min at RT. After

blocking with 0.5% FSG in PBS for 20 min, each coverslip was incubated overnight at 4 ◦C with

polyclonal rabbit antimouse BMP-2 (Abcam, Milton, UK), followed by removing primary antibody

and washing 3 × 5 min in blocking solution before incubation for 1 h with FITC-conjugated secondary

antirabbit IgG (Alexa Fluor 680) (Thermo Fisher Scientific, Waltham, MA, USA) and DAPI counterstain

(Thermo Fisher Scientific, Waltham, MA, USA). Coverslips were washed 3 × 5 min in blocking solution

and mounted on to slides using ProlongTM Gold antifade reagent (Invitrogen, Carlsbad, CA, USA).

Fluorescence images were acquired with Nikon Eclipse Ti fluorescence microscope.

2.11. Statistical Analysis

Representative data are presented as the mean ± standard error of the mean (SEM). Statistical

analysis was performed using the SPSS 23 statistical software (SPSS Inc., Chicago, IL, USA). The

significant results were analyzed by one-way analysis of variance (ANOVA), followed by Duncan’s

multiple range test. Different significances are indicated (* = p < 0.05, ** = p < 0.01).

3. Results

3.1. Effect of Ps-GOS on Proliferation of MC3T3-E1 Cells

To determine the dose dependence of Ps-GOS on proliferation, MTT assays were used to measure

the metabolic activity of osteoblastic cells during proliferation. MC3T3-E1 cells were treated with

0.001–1000 µg/mL of Ps-GOS for 24–72 h (Figure 1). Compared to control (cells without treatment),

exposure to Ps-GOS for 48 h significantly increased cell proliferation at concentrations up to 10 µg/mL

(p < 0.05) by 48 h, although proliferation was reduced at all concentrations after 72 h. Ps-GOS appeared

to have a cytotoxic effect at higher concentrations (100 and 1000 µg/mL (p < 0.01)) after treatment

for 72 h. Subsequently, only concentrations in the range 0.001 to 10 µg/mL were used in further

experiments. This results indicated that low concentrations of Ps-GOS stimulate osteoblast proliferation

without toxicity.
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Figure 1. The effect of glucanoligosaccharide (Ps-GOS) on osteoblastic cell proliferation. MC3E3-E1

cells were treated with the indicated concentrations of Ps-GOS for 24, 48, and 72 h. Cell proliferation

was measured by MTT assay. The result shows percentage of metabolically active cells relative to

untreated cells (control = 100% viability). Each point of data represents the means of four replicate

samples ± SEM. * = p < 0.05, ** = p < 0.01 when compared to the control.

3.2. Effect of Ps-GOS on Cell Cycle Distribution on MC3T3-E1 Cells

Flow cytometry was performed to investigate the effect of Ps-GOS on cell cycle progression.

Cell cycle analysis was undertaken by measuring cellular DNA content corresponding to each of the

three principle cell cycle stages; G0/G1, S, and G2/M. Actively proliferating cells were treated with

indicated concentrations of Ps-GOS for 48 h. At higher concentrations (1 and 10 µg/mL), Ps-GOS

significantly decreased the proportion of cells in G0/G1 phase while concomitantly increasing that in S

phase when compared to control cells (Figure 2). This study demonstrates that Ps-GOS can promote

cell proliferation by accelerating progression into S phase from G1.
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Figure 2. The effect of Ps-GOS on the division of cell. (A) A pictorial graph shows the result from flow

cytometry analysis after osteoblastic cells were treated with the different concentrations of Ps-GOS for

48 h. (B) The result shows the percentage of osteoblastic population of G0/G1, S, and G2/M cell cycle

phases, compared with the control. Each point of data represents the means of three replicate samples

± SEM. * = p < 0.05, ** = p < 0.01 when compared to the control.

3.3. Effects of Ps-GOS on Osteoblastic Differentiation of MC3T3-E1 Cells

Mineralization is the last stage of bone formation that results in the formation of calcified nodules

that contribute to bone strength [38]. To examine the effect of Ps-GOS, MC3T3-E1 cells were treated

with Ps-GOS for 14 and 21 days in an osteogenic induction medium to induce differentiation. Calcium

production in MC3T3-1 cells was determined by staining with Alizarin red S dye (Figure 3A). Extraction

and quantification of Alizarin red from treated cells showed that Ps-GOS significantly enhanced the

calcium deposit formation at both day 14 and 21, with the former time-point showing the maximal

increase (175%) when compared to control (Figure 3B) at 1 and 10 µg/mL Ps-GOS. In addition, ALP a
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marker of mature osteoblastic differentiation [39] was determined at day 14. All Ps-GOS treatments

markedly promoted ALP activity when compared to control (Figure 3C). This result also correlated

with the study of Yazid et al.: that the highest ALP level was produced from MC3T3-E1 cells at day

14 during osteoblast differentiation [40]. These results imply that Ps-GOS can promote osteoblast

differentiation and mineralization in the process of bone formation.
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mineralization of MC3T3-E1 cells. (A) Cells were treated with Ps-GOS for 14 and 21 days for

observing the calcium accumulation measured by Alizarin red S staining. (B) Quantitative data of

mineralization process relate to the intensity of Alizarin red S stains extracted by cetylpyridinium

chloride. (C) Alkaline phosphatase (ALP) activity of MC3T3-E1 cells after treatment with Ps-GOS for

14 days. Each point of data represents the means of four replicate samples ± SEM. The data in columns

with different letters in each group were significantly different at p < 0.05.

3.4. Ps-GOS Up-Regulated Osteogenic-Related Gene Marker Expression in MC3T3-E1 Cells

During osteoblast differentiation, many osteogenic gene markers are expressed; these genes

play important roles in matrix formation and calcium accumulation during bone formation. We

determined the expression levels of OPN, ALP, COL1, OCN, RUNX2, and BMP-2, in MC3T3-E1 cells,

after treating with Ps-GOS for 24 and 72 h using qRT-PCR. The results shown in Figure 4 indicate that
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the expression of ALP, COL1, OCN, and RUNX2 were up to two times higher than control levels after

24 h exposure to Ps-GOS. Moreover, Ps-GOS at concentrations of 0.1 and 1.0 µg/mL sharply enhanced

BMP-2 expression at 24 and 72 h, respectively. These results are consistent with the notion that Ps-GOS

promotes osteoblastic differentiation by upregulating osteogenic-related gene expression via the BMP

signaling pathway.
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3.5. Ps-GOS Stimulates Osteoblast Differentiation via BMP Signaling Pathway

The BMP signaling pathway is responsible for osteoblast differentiation through up-regulation

of the key proteins BMP-2 and Runx2. In the present study, we observed that Ps-GOS exposure

resulted in an increase in BMP-2 and Runx2 mRNA expression (Figure 4). We thus examined the

protein expression of BMP-2 and Runx2 to further validate the mechanism of action of Ps-GOS. Ps-GOS

treatment at concentrations up to 10 µg/mL for 48 h resulted in elevated levels of BMP-2, as judged

by both indirect immunofluorescence (IF) microscopy (Figure 5A), as well as by Western blotting

(Figure 5D). Quantitative analysis of BMP-2 staining (Figure 5A), following treatment with 0.01, 0.1,

and 10 µg/mL Ps-GOS for two days, indicated a significant increase in BMP-2 positive staining cells
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compared to the control (Figure 5B). Similarly, western blotting analysis showed that all Ps-GOS

treatments significantly enhanced protein expression level of BMP-2 at day 2, with maximal increase at

concentrations >0.1 µg/mL (Figure 5C). Consistent with the notion that Runx operates downstream of

BMP-2, Western blotting of Runx l showed that levels of this protein were significantly elevated after

exposure for 10 days to Ps-GOS concentrations > 0.1 µg/mL (Figure 5D).
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cells. Osteoblastic MC3T-E1 cells were treated with various concentrations of Ps-GOS for 2 days. (A) The

image of BMP-2 expressing cells observed by immunofluorescence staining (original magnifications

20×). (B) Quantitation of immunofluorescence staining. (C) Protein level expression of BMP-2 was

determined by Western blot analysis at day 2. (D) Protein level expression of Runx2 at day 10. The

quantitation was calculated according to the referent bands of β-actin (C) and nucleolin (D). The data

were obtained from four replicates as mean ± SEM. The data in columns with different letters in each

group were significantly different at p < 0.05.

3.6. Stimulating Effect on Osteoblastic Differentiation by Ps-GOS Could Affect through MAPK and
Wnt/β-Catenin Signaling Pathways

While BMP signaling plays a critical role in osteoblast differentiation and bone formation,

additional pathways, participating in a range of cross-talk signaling, are also involved. The expression

of a range of MAPK family members was investigated by qRT-PCR. As shown in Figure 6, Ps-GOS

significantly promoted the expression of ERK1, ERK2, JNK1, and JNK2 following 12 and 24 h exposure,

compared to control, and in all cases, expression levels reverted to control levels or below after

48 h. A similar pattern was observed with p38α, although Ps-GOS-enhanced expression was reduced

after 48 h exposure and did not revert to control levels. We also investigated expression of genes

involved in Wnt/β-catenin signaling (Figure 7). Wnt5a, Fzd4, β-catenin, and LRP5 were significantly

up-regulated with Ps-GOS after 12 and 24 h exposure, and expression levels then slightly decreased

at 48 h (the same time observed with MAPK). These outcomes suggest that the stimulatory effect of

Ps-GOS on osteoblastic differentiation additionally involves stimulation via MAPK and Wnt/β-catenin

signaling pathways.
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4. Discussion

It is well known that osteoblasts are critical players in the regulation of bone formation and

bone remodeling. The reduction of osteoblast activity results in low bone mass and osteoporosis.

Recently, it has been shown that β-glucan has a therapeutic effect on osteoporosis by promoting the

function of osteoblasts. Lee at al. have suggested that β-(1-3),(1-6)-glucan has a stimulatory effect

on BMP-7 promoting bone formation by inducing the production of ALP and calcium accumulation

on mineralization [26]. However, the mechanism by which small molecular mass β-glucans, such as

Ps-GOS, promote bone formation has not yet been determined.

This study has demonstrated that Ps-GOS has the potential to prevent osteoporosis. At low

concentrations (<10 µg/mL), Ps-GOS induced osteoblastic proliferation in MC3T3-E1 cells without

toxicity for up to 48 h of treatment. The elevated rate of proliferation correlated with an increase in the

proportion of cells in S-phase, suggesting that Ps-GOS promotes proliferation by stimulating the G1-S

transition within the cell cycle.

The production of ALP and calcium accumulation are essential steps in the process of mineralization

leading to bone formation. ALP, a marker of early-stage osteoblastic differentiation, can be detected

on the cell surface and in matrix vesicles of mature osteoblasts [41]. High level expression of ALP

initiates and plays a fundamental role during the process of mineralization process [42], where it has

been suggested that it hydrolyses pyrophosphate, a natural inhibitor of mineralization, concomitantly

increasing local phosphate concentration [43,44]. We found that Ps-GOS stimulated the expression

of ALP and promoted the accumulation of calcium, consistent with a potential role for Ps-GOS in

promoting bone formation.

In normal development, mesenchymal stem cells function as progenitors of osteoblasts and

osteocytes, as well as adipocytes and myocytes [45]. Differentiation of stem cells into an osteoblast

lineage requires specific osteogenic signaling proteins and transcription factors. BMP-2, a member of

the transforming growth factor-beta (TGF-β) superfamily, is synthesized by osteoblasts and is a critical

inducer regulating osteoblastic differentiation and bone formation [46]. BMP-2-induced osteogenesis

is absolutely dependent on the formation and transcriptional activity of the downstream osteogenic

complex Runx2-SMAD. Runx2 has been reported to mediate the expression of many osteogenic gene

markers, including ALP, COL1, OCN, and OPN [47]. Mutations on one allele of human Runx2 gene

cause cleidocranial dysplasia [48], while deletion of Runx2 in mice leads to a complete failure of bone

formation and ossification [49]. We found that Ps-GOS promoted bone formation by upregulating both

gene and protein expression levels of BMP-2 and Runx2. As a consequence of Runx2 up-regulation,

Ps-GOS also promoted expression of ALP, COL1, and OCN. Surprisingly, Ps-GOS had no effect on OPN

expression. The significance of this observation is not yet clear.

The Wnt/β-catenin signaling pathway works cooperatively with BMP signaling to regulate

osteoblast differentiation and bone formation. Crosstalk between Wnt/β-catenin and BMP signaling

pathways results in an elevation in BMP-2 and Runx2 expression; the target of this signaling in

osteoblasts [50]. Wnt/β-catenin signaling is activated when Wnt ligand binds to the receptors Frizzled

(Fzd) and low-density lipoprotein receptor-related protein 5 or 6 (LRP5/6), which in turn inhibits

β-catenin phosphorylation. The translocation of β-catenin into nucleus leads to the activation of

members of the TCF/LEF transcription factor family in order to promote osteogenic gene expression [51].

Mutation of LRP5 can cause osteoporosis pseudoglioma syndrome (OPPG) in humans [52] and decrease

osteoblast numbers in mice [53]. In addition, Wnt5a is an important component in the regulation of

Wnt/β-catenin signaling in osteoblast linear cells, as lack of Wnt5a leads to a reduction in LRP5 and

LRP6 expression [54]. To identify additional molecular targets of Ps-GOS that might be associated with

the up-regulation of BMP-2 and Runx2, we examined expression levels of Wnt/β-catenin-related genes.

Our data reveled that Ps-GOS significantly up-regulates the expression of Wnt5a, LRP5, β-catenin,

and Fzd4 mRNA, in MC3T3-E1 cells, suggesting that Ps-GOS may prevent bone loss in osteoporosis

through Wnt/β-catenin together with BMP-2 signaling pathways.
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The JNK-ERK-p38 MAPK signaling pathways also play an essential role in the control of bone

formation and bone homeostasis during osteoblast differentiation [55]. Specifically, JNK is important

for late-stage osteoblast differentiation, as inactivation of JNK by a specific small molecule inhibitor

causes a lack of mineralization in MC3T3-E1 cells [56], while deletion of JNK1 and JNK2 in mice

(Jnk1-2osx) results in severe osteopenia arising from bone loss [57]. Phosphorylation and consequent

activation of Runx2 in osteoblasts is dependent on the expression of both ERK1 and ERK2 [58], while

inactivation of ERK1 and ERK2 reduces β-catenin expression [59]. In addition, p38 is required for

early-stage of osteoblast differentiation by promoting osteogenic differentiation markers, including

ALP, osteocalcin, and mineralization [60].

In summary, this study demonstrated for the first time that the short-chain-length,

lower-molecular-weight, higher-water-solubility Pleurotus sajor-caju glucanoligosaccharide (Ps-GOS)

promotes osteoblast differentiation and mineralization, which are accompanied by the increase of

ALP, COL1, and OCN expression through the induction of BMP-2 and Runx2. Furthermore, we have

found that Ps-GOS also promotes bone formation via Wnt/β-catenin and MAPK signaling pathways.

Thus, our findings show that Ps-GOS could be developed as a candidate supplement promoting bone

formation. As such, this represents an example of both value creation as well as value addition in the

biotechnological exploitation and use of natural rubber latex serum. Future work will be directed at

determining the precise mechanism of action of Ps-GOS for comparison with other known modulators

of osteoblastogenesis. Given the important role of the RANKL/RANL/OPG system in regulating

osteoclast function, it will be iintersting to establish whether Ps-GOS can impact this system also.

5. Conclusions

In the present study, we report for the first time that small size Pleurotus sajor-caju

glucanoligosaccharide (Ps-GOS) has a stimulatory effect, promoting bone formation by stimulating

osteoblast proliferation, differentiation, and mineralization possibility through BMP-2, Wnt/β-catenin,

and MAPK signaling pathways. Ps-GOS has potential as a useful therapeutic drug to

prevent osteoporosis.

Author Contributions: T.P. and T.Y. conceived and designed the experiments with additional help from C.S., R.W.
and U.K.-L. T.Y. performed the experiments. T.P., P.S., and T.Y. drafted the original manuscript. U.K.-L., A.A., R.W.,
and C.S. modified the manuscript. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by grants from Prince of Songkla University, contract no. SCI6202084S and
through the government budget, Scholarship Awards for Thai Ph.D. Students under Thailand’s Education Hub for
the Southern Region of ASEAN Countries (Grant No. PHD/2557 to Thanintorn Yodthong) and Scholarhip for an
Overseas Thesis Research Study (to Thanintorn Yodthong), the Graduate School and the Academic Strengthening
Program in Biochemistry, Faculty of Science. It was also funded by the Thailand Centre of Excellence for Life
Sciences (Public Organization).

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Sozen, T.; Ozisik, L.; Calik Basaran, N. An overview and management of osteoporosis. Eur. J. Rheumatol.

2016, 4, 46–56. [CrossRef] [PubMed]

2. Wright, N.C.; Looker, A.C.; Saag, K.G.; Curtis, J.R.; Delzell, E.S.; Randall, S.; Dawson-Hughes, B. The recent

prevalence of osteoporosis and low bone mass in the United States based on bone mineral density at the

femoral neck or lumbar spine. J. Bone Miner. Res. 2014, 29, 2520–2526. [CrossRef] [PubMed]

3. Ji, M.; Yu, Q. Primary osteoporosis in postmenopausal women. Chronic Dis. Transl. Med. 2015, 1, 9–13.

[CrossRef] [PubMed]

4. Weitzmann, M.N.; Pacifici, R. Estrogen deficiency and bone loss: An inflammatory. J. Clin. Investig. 2006,

116, 1186–1194. [CrossRef]

5. Riggs, B.L. The mechanisms of estrogen regulation of bone resorption. J. Clin. Investig. 2000, 106, 1203–1204.

[CrossRef]

6. Rucci, N. Molecular biology of bone remodeling. Clin. Cases Miner. Bone Metab. 2008, 5, 49–56.

http://dx.doi.org/10.5152/eurjrheum.2016.048
http://www.ncbi.nlm.nih.gov/pubmed/28293453
http://dx.doi.org/10.1002/jbmr.2269
http://www.ncbi.nlm.nih.gov/pubmed/24771492
http://dx.doi.org/10.1016/j.cdtm.2015.02.006
http://www.ncbi.nlm.nih.gov/pubmed/29062981
http://dx.doi.org/10.1172/JCI28550
http://dx.doi.org/10.1172/JCI11468


Biomolecules 2020, 10, 190 14 of 16

7. Feng, X.; McDonald, J.M. Disorders of bone remodeling. Annu. Rev. Pathol. 2011, 6, 121–145. [CrossRef]

8. Zuo, C.; Huang, Y.; Bajis, R.; Sahih, M.; Li, Y.P.; Dai, K.; Zhang, X. Osteoblastogenesis regulation signals in

bone remodeling. Osteoporos. Int. 2012, 23, 1653–1663. [CrossRef]

9. Yamaguchi, A.; Sakamoto, K.; Minamizato, T.; Katsube, K.; Nakanishi, S. Regulation of osteoblast

differentiation mediated by BMP, Notch, and CCN3/NOV. Jpn. Dent. Sci. Rev. 2008, 44, 48–56. [CrossRef]

10. Komori, T. Regulation of bone development and maintenance by Runx2. Front. Biosci. 2008, 1, 898–903.

[CrossRef]

11. Hashimi, S.M. Exogenous noggin binds the BMP-2 receptor and induces alkaline phosphatase activity in

osteoblasts. J. Cell Biochem. 2019, 120, 13237–13242. [CrossRef] [PubMed]

12. Chau, J.F.; Leong, W.F.; Li, B. Signaling pathways governing osteoblast proliferation, differentiation and

function. Histol. Histopathol. 2009, 24, 1593–1606. [PubMed]

13. Higuchi, C.; Myoui, A.; Hashimoto, N.; Kuriyama, K.; Yoshioka, K.; Yoshikawa, H.; Itoh, K. Continuous

inhibition of MAPK signaling promotes the early osteoblastic differentiation and mineralization of the

extracellular matrix. J. Bone Miner. Res. 2002, 17, 1785–1794. [CrossRef] [PubMed]

14. Duan, P.; Bonewald, L.F. The role of the Wnt/β-Catenin signaling pathway in formation and maintenance of

bone and teeth. Int. J. Biochem. Cell Biol. 2016, 77, 23–29. [CrossRef] [PubMed]

15. Krishnan, V.; Bryant, H.U.; Macdougald, O.A. Regulation of bone mass by Wnt Signaling. J. Clin. Investig.

2006, 116, 1202–1209. [CrossRef]

16. Chen, J.; Long, F. β-catenin promotes bone formation and suppresses bone resorption in postnatal growing

mice. J. Bone Miner. Res. 2013, 28, 1160–1169. [CrossRef]

17. Clemons, M.; Goss, P. Estrogen and the risk of breast cancer. N. Engl. J. Med. 2001, 344, 276–285. [CrossRef]

18. Lacey, J.V.; Brinton, L.A.; Leitzmann, M.F.; Mouw, T.; Hollenbeck, A.; Schatzkin, A.; Hartge, P. Menopausal

hormone therapy and ovarian cancer risk in the national institutes of Health-AARP Diet and Health Study

Cohort. J. Natl. Cancer Inst. 2006, 98, 1397–1405. [CrossRef]

19. George, E.L.; Lin, Y.L.; Saunders, M.M. Bisphosphonate-related osteonecrosis of the jaw: A mechanobiology

perspective. Bone Rep. 2018, 8, 104–109. [CrossRef]

20. An, J.; Yang, H.; Zhang, Q.; Liu, C.; Zhao, J.; Zhang, L.; Chen, B. Natural products for treatment of osteoporosis:

The effects and mechanisms on promoting osteoblast-mediated bone formation. Life Sci. 2016, 15, 46–58.

[CrossRef]

21. Bashir, K.M.I.; Choi, J.S. Clinical and physiological perspectives of β-glucans: The past, present, and future.

Int. J. Mol. Sci. 2017, 18, 1906. [CrossRef] [PubMed]

22. Kawata, K.; Iwai, A.; Muramatsu, D.; Aoki, S.; Uchiyama, H.; Okab, M.; Hayakawa, S.; Takaoka, A.;

Miyazaki, T. Stimulation of macrophages with the β-glucan produced by Aureobasidium pullulans promotes

the secretion of tumor necrosis factor-related apoptosis inducing ligand (TRAIL). PLoS ONE 2015, 13,

e0124809. [CrossRef] [PubMed]

23. Tiwari, U.; Cummins, E. Meta-analysis of the effect of β-glucan intake on blood cholesterol and glucose

levels. Nutrition 2011, 27, 1008–1016. [CrossRef] [PubMed]

24. Kanagasabapathy, G.; Kuppusamy, U.R.; Nurestri, S.; Malek, A.; Abdulla, M.A.; Chua, K.; Sabaratnam, V.

Glucan-rich polysaccharides from Pleurotus Sajor-Caju (Fr.) singer prevents glucose intolerance, insulin

resistance and inflammation in C57BL/6J mice fed a high-fat diet. BMC Complement. Altern. Med. 2012, 21.

[CrossRef]

25. Jang, J.H.; Lee, J.; Kim, J.H.; Lee, Y.H.; Ju, Y.C.; Lee, J.S. Isolation and identification of RANKL-induced

osteoclast differentiation inhibitor from Pleurotus citrinopileatus. Mycoscience 2013, 54, 265–270. [CrossRef]

26. Lee, D.H.; Han, D.W.; Park, B.J.; Baek, H.S.; Takatori, K.; Aihara, M.; Tsubaki, K.; Park, J. The influences of

β-glucan associated with BMP7 on MC3T3-E1 proliferation and osteogenic differentiation. Key Eng. Mater.

2005, 288–289, 241–244. [CrossRef]

27. Shin, H.D.; Yang, K.J.; Park, B.R.; Son, C.W.; Jang, H.J.; Ku, S.K. Antiosteoporotic effect of polycan, β-glucan

from Aureobasidium, in ovariectomized osteoporotic mice. Nutrition 2007, 23, 853–860. [CrossRef]

28. Breene, W.M. Nutritional and medicinal value of specialty mushrooms. J. Food Prot. 1990, 53, 883–894.

[CrossRef]

29. Finimundy, T.C.; Barros, L.; Calhelha, R.C.; Alves, M.J.; Prieto, M.A.; Abreu, R.M.V.; Dillon, A.J.P.;

Henriques, J.A.P.; Roesch-Ely, M.; Ferreira, I.C.F.R. Multifunctions of Pleurotus sajor-caju (Fr.) Singer:

A highly nutritious food and a source for bioactive compounds. Food Chem. 2018, 245, 150–158. [CrossRef]

http://dx.doi.org/10.1146/annurev-pathol-011110-130203
http://dx.doi.org/10.1007/s00198-012-1909-x
http://dx.doi.org/10.1016/j.jdsr.2007.11.003
http://dx.doi.org/10.2741/2730
http://dx.doi.org/10.1002/jcb.28597
http://www.ncbi.nlm.nih.gov/pubmed/30887565
http://www.ncbi.nlm.nih.gov/pubmed/19795357
http://dx.doi.org/10.1359/jbmr.2002.17.10.1785
http://www.ncbi.nlm.nih.gov/pubmed/12369782
http://dx.doi.org/10.1016/j.biocel.2016.05.015
http://www.ncbi.nlm.nih.gov/pubmed/27210503
http://dx.doi.org/10.1172/JCI28551
http://dx.doi.org/10.1002/jbmr.1834
http://dx.doi.org/10.1056/NEJM200101253440407
http://dx.doi.org/10.1093/jnci/djj375
http://dx.doi.org/10.1016/j.bonr.2018.03.003
http://dx.doi.org/10.1016/j.lfs.2016.01.024
http://dx.doi.org/10.3390/ijms18091906
http://www.ncbi.nlm.nih.gov/pubmed/28872611
http://dx.doi.org/10.1371/journal.pone.0124809
http://www.ncbi.nlm.nih.gov/pubmed/25875639
http://dx.doi.org/10.1016/j.nut.2010.11.006
http://www.ncbi.nlm.nih.gov/pubmed/21470820
http://dx.doi.org/10.1186/1472-6882-12-261
http://dx.doi.org/10.1016/j.myc.2012.08.009
http://dx.doi.org/10.4028/www.scientific.net/KEM.288-289.241
http://dx.doi.org/10.1016/j.nut.2007.08.011
http://dx.doi.org/10.4315/0362-028X-53.10.883
http://dx.doi.org/10.1016/j.foodchem.2017.10.088


Biomolecules 2020, 10, 190 15 of 16

30. Regand, A.; Tosh, S.M.; Wolever, T.M.S.; Wood, P.J. Physicochemical properties of glucan in differently

processed oat foods influence glycemie response. J. Agric. Food Chem. 2009, 57, 8831–8838. [CrossRef]

31. Wang, Q.; Ellis, P.R. Oat β-glucan: Physico-chemical characteristics in relation to its blood-glucose and

cholesterol-lowering properties. Br. J. Nutr. 2014, 112, S4–S13. [CrossRef] [PubMed]

32. Li, K.; Chen, W.; Wang, W.; Tan, H.; Li, S.; Yin, H. Effective degradation of curdlan powder by a novel

endo-β-1→3-glucanase. Carbohydr. Polym. 2018, 201, 122–130. [CrossRef] [PubMed]

33. Churngchow, N.; Suntaro, A.; Wititsuwannakul, R. β-1,3-glucanase isozymes from the latex of Hevea

brasiliensis. Phytochemistry 1995, 39, 505–509. [CrossRef]

34. Freimund, S.; Sauter, M.; Käppeli, O.; Dutler, H.A. New non-Degrading Isolation Process for 1,3-β-D-glucan

of high purity from baker’s yeast Saccharomyces cerevisiae. Carbohydr. Polym. 2003, 54, 159–171. [CrossRef]

35. Synytsya, A.; Mícˇková, K.; Synytsya, A.; Jablonsky´, I.; Spěváček, J.; Erban, V.; Kováříková, E.; Čopíková, J.
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