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Abstract
Background Duchenne muscular dystrophy is a hereditary muscular disease involving degeneration (i.e. atrophy and loss of 
muscle fibres) of skeletal muscles, including the diaphragm, and progressively severe functional decline. A previous study 
shows Polycan, a type of β-glucan derived from the black yeast Aureobasidium pullulans (SM-2001), promotes osteogenicity 
and bone loss, and possesses anti-inflammatory activity to induce inflammatory cytokines in human immune and cancer cells.
Objective In this study, we evaluated changes in exercise load behaviour measurements and changes in muscle-related 
physiological indicators following oral administration of Polycan in mdx mice, an experimental animal model of Duchenne 
muscular dystrophy.
Result In mdx mice, Polycan prevented weight loss and thickness of skeletal muscle. In addition, by monitoring increases in 
running time of mice on treadmills and performing a grip strength test, we confirmed reduced muscle function was recovered 
to some extent after administering Polycan to mdx mice. In addition, we confirmed that Polycan significantly altered mRNA 
expression in a concentration-dependent manner, whereby myogenic transcription factors (MyoD, Myf5 and Myogenin) 
increased and FoxO3α, MuRF1 and Atrogin-1 decreased. We aimed to investigate the mechanism of action in Polycan on 
energy metabolism of p-AMPK, SIRT1 and PGC1α with apoptosis expression levels as factors related to signalling path-
ways. Expression ratios of cleaved-caspase-3/caspase-3 and Bax/Bcl-2 in the Polycan extract-administered group increased 
compared with the control group.
Conclusion These results demonstrate that Polycan can improve and protect muscle atrophy by preventing apoptosis via 
pathway regulation related to myogenic transcription factors and energy metabolism in mdx mice.
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Introduction

Duchenne muscular dystrophy is the most common sex 
chromosome recessive genetic disorder in paediatric 
muscle, caused by a defect in the dystrophin gene (dys) 
located on chromosome Xp21 (Emery 2002). Duchenne 
muscular dystrophy (DMD) is a hereditary muscle dis-
ease that occurs in the absence of dystrophin, a protein 
important for maintaining stable cell membrane structure. 
In this disease, skeletal muscle, including the diaphragm, 
is degenerated (muscle fibre atrophy) and disappears, 
potentially showing gradual and serious decline in func-
tion (Alter et al. 2006). It affects approximately 1 in 3500 
male newborns and typically begins between ages 3 and 
5 and renders the child unable to walk by the age of 12. 
Furthermore, most patients struggle with breathing due 
to weakened diaphragmatic muscles and before the age 
of 20 will die from heart failure (Clerk et al. 1993). Since 
development of genetics revealed the existence of dystro-
phin, the physiological role of dystrophin and its interac-
tion with other glycoproteins have occurred in the muscu-
lar membrane. Unfortunately, more than 100 years have 
passed since Duchenne and Meryon reported clinical and 
muscular histological findings in patients with DMD, but 
no cure has since been found. Typically, ultra-low intensity 
exercised is prescribed, primarily focusing on symptom 
relief and to prevent further complications (Barton et al. 
2002; Blake et al. 2002).

Recently, the proportion of elderly people aged 65 
and over is increasing worldwide and clinical follow-up 
studies show decrease in muscle mass and bone density 
with the progress of ageing is a typical physiological 
change. Conversely, economic and social problems con-
tinue to emerge (Jagoe and Goldberg 2001). The silence 
of muscle loss refers to a disease in which muscle mass, 
strength and muscle function all decrease with age. Mus-
cle atrophy is caused by several reasons, including age-
ing, undernourishment and chronic disease, and involves 
many intracellular changes, such as regulation of protein 
synthesis, protease activation, ubiquitin conjugation and 
autophagy (Ammar et al. 2016; Kandarian and Jackman 
2006). Since such muscular atrophy can cause poor quality 
of life and disease worsening, resulting in increased mor-
tality, studies continue to investigate its mechanisms with 
no current clear mechanism known. Muscle injury can be 
caused by strenuous exercise, muscle and skeletal disor-
ders and can occur with limited movement, such as with 
patients in intensive care (Kim et al. 2013). Here, muscle 
mass is reduced, muscle fibre diameter (Cross Sectional 
Areas) may decrease and satellite cell activity, which are 
muscle stem cells, also decreases (Kasper et al. 2002). In 
addition, muscle strength is reduced and musculoskeletal 

ultrastructure is disrupted. In particular, patients with 
muscular dystrophy in the absence of cytoskeletal protein 
dystrophin are vulnerable to physical muscle damage due 
to contraction and muscle damage from chemical factors, 
such as oxidative stress (Matsumura and Campbell 1994). 
Therefore, patients with muscular dystrophy experience 
muscle atrophy, disappearance and regression from muscle 
injury (Haller et al. 1983). Such symptoms can be due to 
increased proteolysis in the human body. Of the numer-
ous proteolytic pathways in the human body, two main 
pathways exist. First, the autophagy-mediated proteo-
lytic pathway performs 10% of proteolysis (Rayavarapu 
et al. 2013). Self-predation is a mechanism manifested in 
response to various internal and external stress develop-
ments and degrades damaged proteins and organelles by 
fusion with lysosomes (Yang and Klionsky 2009). The 
remaining 80–90% of proteolysis occurs via ubiquitin 
and the ubiquitin–proteasome system (UPS) (Rayavarapu 
et al. 2013). Damaged protein is labelled with ubiquitin, 
whereby ubiquitinated protein is transferred to macromo-
lecular proteasome and degraded. Following completed 
degradation, ubiquitin separates again and binds to other 
damaged proteins, resulting in most proteolysis in the 
human body (Ehlers 2003). These UPSs play an impor-
tant role in degrading damaged proteins and maintaining 
homeostasis in the human body (Rayavarapu et al. 2013). 
However, overactivation in response to muscle damage 
and associated increased muscle contraction protein dam-
age triggers excessive degradation of muscle contraction 
protein and promotes proximal axis and musculoskeletal 
disorder (Hilt and Wolf 2004).

In recent years, due to increased awareness of natural 
products, there is a demand for functional foods using natu-
ral products, ingredients separated from natural products, 
bioactive substances and food materials and functional 
foods that use bioactive substances as alternative medicine 
(Kim et al. 2021). As the number of commercial medicinal 
plants increases, the food industry's use of natural products, 
including medicinal plants, tends to increase. Research on 
natural products that impact human activity is an active field. 
Among the natural extracts attracting attention in immune 
potentiation, β-glucan is non-resistant and shows anti-
inflammatory and anti-cancer effects in addition to immune 
modulators applicable in various bioactive fields (Bacha 
et al. 2017; Novak and Vetvicka 2008; Smiderle et al. 2008). 
In particular, Polycan, which is a type of β-glucan derived 
from the black yeast Aureobasidium pullulans SM-2001, 
promotes bone formation and anti-inflammatory processes 
(Shin et al. 2007; Wang et al. 2016). Furthermore, it can 
reduce IL-1β, IL-6 and TNF-α, which are inflammatory 
cytokines (Chan et al. 2009) and increase anti-inflammatory 
activity when combined with non-steroidal anti-inflamma-
tory agents (Choi et al. 2015). Therefore, in this study, we 
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explore how Polycan extract isolated from the black yeast 
Aureobasidium pullulans can facilitate changes in exercise 
load and improve physiological indicators of muscles in mdx 
mice.

Materials and methods

Preparation of Polycan extract

The Polycan used in this experiment was β-glucan fermented 
with the black yeast Aureobasidium pullans SM-2001. 
According to previous studies, β-1,3/1,6-glucan (β-1,3 link-
age 68: β-1,6 linkage 32) and an average molecular weight 
of 2.6 ×  105 Da. The β-glucan used in the experiment was 
provided by Glucan (Jinju, Korea) and used in the experi-
ment. Hereinafter, the extract is referred to as “Polycan”.

Animal study

In this study, 4-week-old mdx mice (C57BL/10ScSn-
Dmdmdx/J, N = 32) and control mice (C57BL/10SnJ, N = 8; 
Jackson Laboratory, Bar Harbor, ME) were used in the same 
environment (12: 12 h light/dark cycle). It was bred with a 
standard diet and a free water intake at 22 °C. Eight mice 
(CTL) and eight mdx mice were divided into two groups, 
eight each, a control group (mdx), Polycan -administered 
(Polycan 250, 500 mg/kg) experimental group, and a posi-
tive control (Sc 500 mg/kg) group. During the experiment, 
mice were bred in a 12-h light–dark cycle environment, and 
the same diet was fed unlimitedly to the experimental and 
control groups. All the animal procedures were accepted 
and approved by the Korea Institute of Oriental Medicine-
Daegu-Institutional Animal Care and Use Committee 
(KIOM-IACUC, reference number 21-053) and conducted 
following the US guidelines (NIH publication #83-23, 
revised in 1985).

Measurement of body weight

After confirming overall health and behavioral changes in 
all mice prior to physiologic testing, body weight was meas-
ured and recorded weekly every Monday. The body weight 
of 4 weeks after birth and the body weight of 9 weeks after 
birth, which is the end of the experiment, were measured, 
and the weight gain ratio was compared among each group.

Treadmill test

A treadmill test was used to compare the endurance of the 
experimental and control groups. A Columbus Instrument 
Rodent Treadmill (Columbus Instruments, Ohio, USA) 
installed on a horizontal surface was run at a speed of 10 

mpm for 30 min. A 1.0 mA electrical wire was placed at the 
back of the belt to keep the mouse running so that a light 
electrical stimulus was applied when the mouse was pushed 
to the back of the belt. When the mouse became tired, it 
stopped running and showed sitting on the electrical stimula-
tion line, it stayed on the electrical stimulation line for 10 s 
or more, it was regarded as a resting period. The number 
of 30-min rest periods was recorded for each mouse. All 
exercises were performed between 11:00 am and 2:00 pm to 
reduce the difference due to changes in biological rhythms 
in both the control group of C57 mice control group and 
experimental group of mdx mice.

Grip strength meter

A grip strength meter (Ugo Basile, Comerio, Italy) was 
used to examine the muscle strength of the distal part of the 
mouse. This device applies the tendency to instinctively cap-
ture the object in front of the rat when the rodent is pulled 
backwards, after the rat captures the rod connected to the 
force transducer and then the rat. A device designed so that 
if the tail is carefully pulled back, the rat resistance cannot 
be overcome and the maximum vicious force at the moment 
of missing the rod is recorded on the computer. The aver-
age of the values obtained by five discontinuous tests was 
used as a bad force, and the test was performed before the 
Treadmill exercise to reduce errors due to muscle fatigue, 
and the mice were stabilized for 10 min or more before the 
experiment was started.

Extraction of muscle tissue

After euthanasia on the day the experiment was completed, 
each group immediately removed the foreground bone mus-
cle and measured skeletal muscle weight and thickness on 
an electronic balance. Immediately after that, it was quickly 
frozen in liquefied nitrogen and stored at − 80 °C. The right 
foreground bone muscle was used to measure muscle fibre 
cross-sectional area for immunohistochemical and the left 
foreground bone muscle was used to quantify muscle regula-
tors through Western blot.

Histopathology analysis

After removing the muscle tissue by dividing it into the 
thigh muscle and TA (tibialis anterior) each tissue was 
immersed and fixed in 4% paraformaldehyde for 24 h, and 
after undergoing a paraffin embedding process. It was sliced 
into a thickness of 3 μm using a microtome to prepare a 
tissue slide. For hematoxylin and eosin (H&E) staining of 
each tissue, tissue slides were stained with hematoxylin for 
5 min and then with eosin for 2–3 min. In addition, each 
tissue slide was oxidized with 2% periodic acid solution for 
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10 min and stained with Schiff solution at 37 °C for 30 min. 
Stained tissue slides were observed for histological changes 
using a microscope.

Changes of serums

Serum hematological markers were analyzed to examine the 
changes in various serum factors related to drug and muscle 
loss. That is, after the experiment was completed, whole 
blood from the abdominal vena cava was collected from the 
mouse blood. Plasma was separated from the blood, and 
used in the experiment. Glutamic oxaloacetic transaminase 
(GOT), glutamic oxaloacetic transaminase (GPT), glucose, 
total protein, cholesterol, triglyceride, HDL, LDL, UREA, 
CREA, creatine kinase (CK) are blood biochemical auto-
matic analyzers (XL-200; Germany) was analyzed using.

Reverse transcription‑quantitative PCR (RT‑qPCR)

Total RNA of mouse tissues prepared under muscle atrophy 
conditions was isolated and quantified using TRIzol Rea-
gent (Invitrogen, Carlsbad, CA, USA), followed by the same 
amount of total RNA in the first-strand cDNA synthesis kit 
(first-strand cDNA synthesis kit). Converted to cDNA using 
Applied Biosystems Inc., Framingham, MA, USA). Total 
RNA extraction and cDNA synthesis were conducted using 
the TRIzol Reagent and  AccuPower® CycleScript RT Pre-
Mix (Bioneer, Daejeon, Korea), respectively. A total of 1 μg 
RNA was reverse-transcribed into cDNA, qPCR oligonu-
cleotide primers for macrophage cell cDNA are indicated in 
Table 1. The qPCR reactions were performed in triplicate 
20 μL reactions with 1 μL of 0.3 μM of the forward and 
reverse primer each, 10 μL of the  AccuPower® 2 × Green-
star qPCR master mix, 5 μL of template DNA, and 3 μL of 
RNase-free water. The PCR cycle was as follows: 95 °C for 
10 min, 40 cycles. At the each cycle end, a melting curve 
analysis was conducted to confirm that a single product per 
primer pair was amplified. Amplification and analysis were 
performed using the QuantStudio 6 Flex Real-time PCR Sys-
tem (Thermo Fisher, Waltham, Massachusetts, USA), and 
each sample was compared using the relative CT method. 
Fold changes in gene expression were determined relative to 
the blank control after normalization to GAPDH expression 
using the 2 − ΔΔCt method.

Western blot analysis

The proteins in mouse tissues prepared under muscle 
atrophy conditions were extracted with RIPA lysis buffer 
containing a protease and phosphatase-inhibitor cocktail 
(Roche, Basel, Switzerland). The protein was separated by 

centrifuging this at 12,000 rpm for 20 min. The concen-
tration of each isolated protein was quantified by a pro-
tein assay solution, then 30 μg of protein was mixed with 
5 × sample buffer and separated by 8–15% SDS-PAGE. 
The proteins on the isolated gels were transferred to NC 
membranes and each membrane was blocked with 5% 
BSA at room temperature for 1 h. The primary antibody 
related to differentiation, cell death, and muscle loss was 
added to the membrane and reacted at 4 °C. overnight, 
and then washed three times with TBS containing 0.05% 
Tween. After re-inserting the anti-IgG conjugated HRP 
antibody into the Membrane, the reaction was carried 
out at room temperature for 1 h, washed three times with 
TBS (1 × TTBS) containing 0.05% Tween, and the Chemi-
DocTM touch imaging system (BioRad, California, USA) 
was used with the ECL solution.

Statistical analysis

All the results are presented as mean ± SD (or SEM). One-
way analysis of variance using GraphPad Prism version 
5.03 for Windows (GraphPad Software Inc., San Diego, 
CA, USA) was performed for multi-group comparisons. T 
tests were applied to analyze the significance of the vari-
ations among the groups.

Table 1  Primers sequences for real-time RT-PCR

Target Primer sequences

MyoD Forward 5ʹ-GAT GGC ATG ATG GAT TAC AG-3ʹ
Reverse 5ʹ-CTC CAC TAT GCT GGA CAG G-3ʹ

Myogenin Forward 5ʹ-AGT ACA TTG AGC GCC TAC AG-3ʹ
Reverse 5ʹ-GAC GTA AGG GAG TGC AGA TT-3ʹ

Atrogin-1 Forward 5ʹ-CTG CCT GTG TGC TTA CAA CT-3ʹ
Reverse 5ʹ-TGC TCT CTT CTT GGG TAA CA-3ʹ

Myf5 Forward 5ʹ-TGA GGG AAC AGG TGG AGA AC-3ʹ
Reverse 5ʹ-AGC TGG ACA CGG AGC TTT TA-3ʹ

MEF2 Forward 5ʹ-TCC ATC AGC CAT TTC AAC AA-3ʹ
Reverse 5ʹ-GTT ACA GAG CCG AGG TGG AG-3ʹ

FoxO3α Forward 5ʹ-ACA AAC GGC TCA CTT TGT CC-3ʹ
Reverse 5ʹ-GTG CCG GAT GGA GTT CTT C-3ʹ

MuRF1 Forward 5ʹ-TGC CTA CTT GCT CCT TGT GC-3ʹ
Reverse 5ʹ-CAC CAG CAT GGA GAT GCA GT-3ʹ

AMPK Forward 5ʹ-AGC CCT TCC TTC TCT TGC TC-3ʹ
Reverse 5ʹ-AGG ATG CCT GAA AAG CTT GA-3ʹ

SIRT1 Forward 5ʹ-GAT CCT TCA GTG TCA TGG TT-3ʹ
Reverse 5ʹ-GAA GAC AAT CTC TGG CTT CA-3ʹ

PGC1α Forward 5ʹ-CAC CAA ACC CAC AGA AAA CAG-3ʹ
Reverse 5ʹ-GGG TCA GAG GAA GAG ATA AAG TTG -3ʹ

GAPDH Forward 5ʹ-CAG CCT CGT CCC GTA GAC A-3ʹ
Reverse 5ʹ-CGC TCC TGG AAG ATG GTG AT-3ʹ



289Molecular & Cellular Toxicology (2022) 18:285–297 

1 3

Results

Effect of Polycan on body weight and muscle 
dystrophy in mdx mice

Body weight changes in 4-week-old control mice (CTL), 
mdx mice (mdx), Polycan-treated administered mice 
(mdx + Polycan 250 mg/kg, mdx + Polycan 500 mg/kg) 
and positive control-treated mice (mdx + Sc 500 mg/kg) 
are shown in Fig. 1A. There was no significant differ-
ence in body weight between the five groups at the end 
of the study in Polycan-treated animals. In contrast, we 
found body weight of mice in the CTL and mdx groups 
significantly decreased from the 4th to 8th week after 
feeding concluded. Results of body weight measurements 
in the 1st and 8th week of drug administration showed 
the weight gain ratio could be calculated and compared 
among groups. Weight gain in the control group (CTL) 
was 12.0 ± 4.1 and showed an increase of 4.2 g (Fig. 1B). 
In contrast, weight gain in the mdx group was 6.9 ± 0.7 g. 
In the mdx + Polycan 250 mg/kg, mdx + Polycan 500 mg/
kg and mdx + Sc 500 mg/kg groups, body weight was 
12.5 ± 2.1 g, 17.9 ± 1.5 g and 9.3 ± 2.0 g, respectively, 
and body weight increase in the drug-administered 
groups was similar to the CTL group; here, increases in 

the mdx group was significant. Time to exhaustion from 
treadmill exercises for the CTL and mdx groups were 
1962.0 ± 61.4 and 1430.4 ± 196  s, respectively, which 
represented a significant decrease. Time recorded for the 
mdx + Polycan 250 mg/kg and mdx + Polycan 500 mg/kg 
groups was 1567.9 ± 164.8 and 1661.3 ± 62.4 s, respec-
tively, while time recorded for the Sc 500 mg/kg group was 
1600.2 ± 46 s (Fig. 1C). For grip strength tests performed 
on the same mice, the CTL group showed a significant 
decrease in adverse force of 86.9 ± 6.5 g compared with 
139.8 ± 15.4 g. In contrast, the mdx + Polycan 250 mg/kg, 
mdx + Polycan 500 mg/kg and Sc groups showed vicious 
forces of 109.9 ± 12.7 g, 125.2 ± 9.5 and 91.6 ± 11.0 g, 
respectively, which were statistically significant compared 
with the mdx group. Therefore, Polycan-feeding is likely 
to alleviate muscle dysfunction in mdx mice (Fig. 1D).

Effect of Polycan on changes in histology, thickness 
and weight

We observed a significant difference in muscle thickness fol-
lowing Polycan- and Polycan-feeding treatments (P < 0.01) 
in the mdx group compared with the CTL group. However, 
a significant increase in thickness and weight of mouse thigh 
muscle was observed in Polycan- and Sc-treated groups 
compared with the mdx group. Polycan (250 and 500 mg/kg) 

Fig. 1  Effects of Polycan dose 
frequency on body weight, body 
mass, running time and strength 
in mdx mice. A Body weight. 
B Body weight gain. C Forced 
running time. D Grip strength 
test. Data were analysed for 
statistical significance using 
analysis of variance, followed 
by Tukey’s test for multiple 
comparison using GraphPad 
Prism. Differences were con-
sidered statistically signifi-
cant as follows: Results were 
represented as the mean ± SD of 
three independent experiments. 
Data are shown as mean ± SE. 
*p < 0.05, **p < 0.01 and 
***p < 0.001 compared with the 
untreated control group (CTL). 
#p < 0.05, ##p < 0.01 and 
###p < 0.001 compared with 
the mdx group. Sc Schizandra 
chinensis Baillon
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showed a dose-dependent inhibitory effect on weight loss 
of thigh muscles, which was greater than the effects seen 
in the positive control group (Fig. 2A & B). In general, an 
important feature of skeletal muscle atrophy is reduced size 

and number of muscle fibres. Therefore, we performed H & 
E staining of skeletal muscle tissue to compare histological 
characteristics from morphological changes in muscle fibre. 
Compared with the CTL group, muscle fibres in the mdx, 

Fig. 2  The effects of Polycan on histological changes of skeletal mus-
cle in mdx mice. A Representative images of C57 control mice (CTL) 
compared with intact mdx mice reveal dramatic differences in mus-
cle mass. B Quadriceps muscle thickness (cm). C Quadriceps muscle 
weight. D Haematoxylin–Eosin (H&E) stain of quadriceps muscles 
in C57, mdx, Polycan and SC-treated mice. Untreated mdx sections 
showing a morphologically normal fibre, regenerating fibres and 
immune cell infiltration. Treated mdx sections from Polycan 250 mg/
kg and Polycan 500  mg/kg showed altered muscle pathology with 

an increase in morphologically normal fibres and fewer regenerat-
ing fibres. Cross sectional fibre areas (upper panel) and longitudinal 
sectional fibre areas in mdx mice (lower panel). 200 × H&E. Results 
are represented as mean ± SD of three independent experiments. Data 
are shown as mean ± SE. *p < 0.05, **p < 0.01 and ***p < 0.001 com-
pared with the untreated control group (CTL). #p < 0.05, ##p < 0.01 
and ###p < 0.001 compared with the mdx group. Sc Schizandra chin-
ensis Baillon
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Polycan-feeding mdx and SC-feeding mdx were atrophied 
and muscle fibre thickness decreased. In comparison, we 
observed increased muscle fibre thickness in the Polycan 
and Sc-treated groups (Fig. 3).

Haematological effects

Results from blood tests are shown in Table 2. We found sta-
tistically significant results between mdx and CTL groups, 
as indicated by *p > 0.05, 0.01 and 0.001, and between Poly-
can- or Sc-treated groups and the mdx group, as indicated by 
#p > 0.05, 0.01 and 0.001. No haematologic markers differed 
among groups. Creatine kinase (CK) significantly increased 
in the mdx group compared with the CTL group and signifi-
cantly decreased in Polycan-treated and Sc-treated groups 
compared with the mdx group.

Changes in gene expression associated with muscle 
production and muscle cell proteolysis

In mdx mice, mRNA expression in muscle tissue confirmed 
the effect of Polycan on muscle cell production and pro-
teolytic factors. Relative mRNA expression levels of Myf5, 
MyoD, myogenin and MEF2, which are transcription fac-
tors involved in muscle cell production, are shown in Fig. 3. 
mRNA expression level decreased overall in the mdx group 
compared with the CTL group. Furthermore, gene transcript 
level increased significantly in Polycan-treated groups (250 
and 500 mg/kg) in a concentration-dependent manner com-
pared with the Sc-treated group (Fig. 3A). Furthermore, we 
observed changes in mRNA expression levels of FoxO3α, 
MuRF1 and atrogin-1, whereby expression in the mdx group 
was approximately twice as high compared with the con-
trol group (CTL). In contrast, mRNA expression level was 
significantly lower in a concentration-dependent manner 
following 250 and 500 mg/kg administration of Polycan 
extract.

Effects on pathways related to energy metabolism 
regulation

When AMPK is activated in tissues, such as the liver and 
skeletal muscle, fatty acid oxidation and glucose absorption 
increase. SIRT1 is an essential factor for AMPK activation 
and contributes to PGC1a metabolism. To investigate the 
Polycan mechanism of action on energy metabolism, we 
confirmed expression levels of p-AMPK, SIRT1 and PGC1α, 
which are factors related to signal transduction pathways. 
As expected, mRNA expression levels of SIRT1, p-AMPK 
and PGC1a decreased significantly in the mdx group, but 
were restored in a concentration-dependent manner in the 
two Polycan-treated groups (Fig. 4A). In contrast, in muscle, 
mRNA expression levels of genes in p-AMPK, SIRT1 and 

PGC1α pathways significantly decreased in the mdx group. 
In the Polycan-treated group, mRNA expression level of 
p-AMPK, SIRT1 and PGC1α increased for all concentration 
ranges together with the SC-treated group (Fig. 4B). These 
results indicate that Polycan has a protective effect on the 
energy metabolism-related pathway control in the muscular 
dystrophy model.

Effects on muscle protein synthesis pathway 
and apoptosis

A decrease in Akt signal activity and cell death due to 
decreased mitochondrial function in muscle cells are typical 
phenomena that induce muscle hypotrophy. The Akt signal 
activity is a major regulator of skeletal muscle hypertro-
phy. To investigate the mechanism of inhibitory effects of 
Polycan on muscular atrophy, we determined expression of 
Akt and PI3k proteins, which are involved in protein syn-
thesis, using western blotting. As expected, protein expres-
sion level of p-Akt and PI3k were significantly lower in the 
mdx group, but higher in the Polycan 250 mg/kg and Poly-
can 500 mg/kg treatment groups, compared with controls 
(CTL; Fig. 5A). Protein expression levels of bax, bcl-2, cas-
pase-3 and cleaved-caspase-3, which are major regulators 
of apoptosis, were also examined and showed Bcl-2 expres-
sion increased and Bax expression decreased. In addition, 
when ratios of cleaved-caspase-3/caspase-3 and Bax/Bcl-2 
expression following treatment with Polycan extract were 
compared with the CTL group, protein expression related 
to cell death changed in a concentration-dependent manner, 
showing significant recovery (Fig. 5B).

Discussion

DMD is a typical hereditary neuromuscular disease with 
a prevalence of approximately 4 in 100,000 people and an 
incidence of 1 in 3,500 (Clerk et al. 1993). It occurs due 
to a genetic abnormality at the p21 site of the X chromo-
some preventing dystrophin expression, a cell membrane 
protein (Barton et al. 2002). The absence of dystrophin, 
which connects the cytoskeleton and extracellular matrix of 
muscle fibres and contributes to muscle fibre protection and 
intracellular/extracellular signal transduction, causes skel-
etal muscle atrophy, wasting and degeneration in patients 
with DMD. There is also evidence of muscle replacement 
for fat and connective tissue, pseudohypertrophy, fibrosis, 
inflammation and necrosis, resulting in muscle weakness. 
Here, mdx (C57BL/10ScSn-Dmdmdx/J) mice are a useful 
representative animal model for Duchenne-type muscular 
dystrophy and show an early stop codon (codon) at exon 
23, the site that ultimately produces the protein in DNA and 
restricts expression of the cytoskeletal protein dystrophin 
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Fig. 3  Effect of Polycan on 
myogenic transcription in mdx 
mice. A Myogenic transcription 
factors. B Muscle proteo-
lytic factor. Total RNA were 
extracted using Trizol reagent 
and mRNA was measured using 
qRT-PCR. Fold changes relative 
to the control were calculated 
using the ΔΔCT method for 
mRNA expression levels of 
muscle-specific transcription 
genes. Data were analysed for 
statistical significance using 
analysis of variance, followed 
by Tukey’s test for multiple 
comparison used GraphPad 
Prism. Differences were con-
sidered statistically signifi-
cant as follows: Results were 
represented as the mean ± SD of 
three independent experiments. 
Data are shown as mean ± SE. 
*p < 0.05, **p < 0.01 and 
***p < 0.001 compared with the 
untreated control group (CTL). 
#p < 0.05, ##p < 0.01 and 
###p < 0.001 compared with 
the mdx group. Sc Schizandra 
chinensis Baillon
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(Coley et al. 2016). Therefore, mdx mice show pathologi-
cal symptoms similar to patients with muscular dystrophy 
and are used as a representative animal model for muscular 
dystrophy (Dunckley et al. 1998). However, the pathological 
symptoms of mdx are less critical than pathological symp-
toms of patients with human muscular dystrophy because 
mdx mice, which show accelerated muscle regression from 3 
to 4 weeks after birth, actively undergo muscle regeneration 
at 3–12 months. This difference is due to weight differences 
between humans and mice (Grounds and Torrisi 2004). 
However, differences in pathological symptoms exist and 
pathological progressions in skeletal and respiratory mus-
cle are almost similar and genetically homologous (Hartel 
et al. 2001). In addition, mdx mice show muscle damage 
similar to patients with muscular dystrophy, which results 
in fibrotic hypertrophy and necrosis, as well as destruction 
of muscle structure. Owing to their study model advantages, 
mdx mice are widely used in preclinical studies of mus-
cular dystrophy (Barton et al. 2002). Studies using these 
mdx mice have investigated potential therapeutic agents 
for cancer cachexia (Lee et al. 2022), skeletal muscle wast-
ing (Marquez et al. 2020) and improving muscle mass and 
strength in tumour induction (Cheng et al. 2021), reducing 
oxidative stress (Resveratrol) and muscle fibre regeneration 
(Evans et al. 2010).

In this study, we evaluated muscle improvement and its 
efficacy in Polycan-treated mdx mice based on previous 
study outcomes (Hwang et al. 2021). First, when examining 
changes in body weight, there was no clear increase in the 
mdx group compared with the control group (CTL), whereas 
the Polycan- and Sc-administered groups showed a signifi-
cant increase compared with the mdx group. Weight gain in 
mdx mice was also prominent as per previous studies (Yang 
et al. 2017). The treadmill test and grip test functionally 
evaluated muscle strength, but in an experiment comparing 
treadmills, values in the Polycan-treated group were signifi-
cantly different to those in the mdx group. In addition, for 
the grip strength test conducted on the same mice, we found 
reduced force was recovered to some extent following Poly-
can extract administration to mdx mice compared with the 
CTL group (Fig. 1D).

Previous studies have consistently demonstrated elevated 
levels of CK in patients with muscular dystrophy and mdx 
mice, which are known to cause muscle loss (Bogdanovich 
et al. 2002). Concentrations of CK in mdx mice significantly 
increased compared with the CTL group and confirmed con-
centrations significantly decreased following Polycan extract 
administration to mdx mice (Table 2).

Muscle atrophy is caused by degraded muscle protein 
by activating the ubiquitin–proteasome pathway (Jagoe 
and Goldberg 2001; Marinovic et al. 2007). MyoD and 
Myf5, which are classified as primary myogenic factors 
among myogenic transcription factors, help induce muscle Ta
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blast cells, while myogenin and Myf-6 are secondary fac-
tors. Myocyte enhancer factor 2 (MEF2) helps differenti-
ate myogenic cells into root canal cells (Bentzinger et al. 
2012; Cheng et al. 2021). In addition, myostatin, a substance 
in transforming growth factor-β (TGF-β) family that low-
ers Akt/mTOR/p70S6K signalling and suppresses skel-
etal muscle hypertrophy, is expressed in muscles. MAFbx/
atrogin-1, an F-box type E3 ligase specifically expressed in 
skeletal muscle, and MuRF1, a ring finger type E3 ligase 
that increases under various conditions, induce the proxi-
mal axis, resulting in increased cell density. This promotes 
degradation of myogenin and MyoD involved in myogenic 
disorders through cycle suppression and activation of mus-
cle-specific gene expression (Kandarian and Jackman 2006; 
Lawler et al. 2003). Therefore, in this study, we confirmed 
how the efficacy of Polycan affects expression of transcrip-
tion factors involved in producing and degrading muscle dur-
ing muscular atrophy. As shown in Fig. 3, muscle cell pro-
duction in the mdx group confirms that mRNA expression 
of MyoD, myogenin, MEF2 and Myf5 decreased compared 
with the CTL group and that Polycan treatment facilitated 
increases in gene expression of these factors. Among the 
muscle-specific transcription factors involved in protein 
degradation of muscle cells, forkhead box O (FoxO) activ-
ity induced autophagic protein activation to promote the 
downstream signal transduction system and FoxO activity. 

Finally, inhibition of intracellular mTOR expression affects 
cell proliferation (Ardite et al. 2004).

AMPK is an important signal transduction enzyme that 
functions as a sensor to maintain homeostasis of intracel-
lular energy and the human body regulates sugar, lipid and 
protein metabolism by sensing intracellular energy states 
based on the AMPK to ATP ratio. In addition, AMPK can 
increase expression of energy metabolism regulators, such 
as PGC1α, Sirt1, NRF1 and TFAM, to promote glycolysis 
and depletion and stimulate fatty acid oxidation to promote 
intracellular ATP synthesis. PGC1α is an important fac-
tor that regulates energy metabolism in muscle, regulates 
oxidation of fatty acids and increases energy levels by pro-
moting mitochondrial biosynthesis, which in turn activates 
transcription factors that affect regulation and respiratory 
activity (Kovacheva et al. 2010; Park et al. 2020). In this 
study, we confirmed changes in gene expression and pro-
tein expression of PGC1α, Sirt1 and AMPK to confirm 
the energy-increasing effect of Polycan extract and found 
expression of these regulators increased following treatment 
with Polycan extract. Notably, PGC1α and SIRT1 expression 
increased significantly depending on Polycan extract treat-
ment concentration compared with the control group (CTL). 
These results show Polycan extract can promote mitochon-
drial energy production by regulating expression of energy 
metabolism regulators in muscle cells.

Fig. 4  Effect of Polycan on regulation of muscle cell energy metab-
olism in mdx mice. A mRNA B protein levels of phosphorylation 
AMPK, SIRT1 and PGC1α. Expression of mRNA in quadriceps mus-
cles was analysed by qPCR. GAPDH was used as a control. Protein 
levels were determined by western blot analysis. β-actin was used as a 

control for protein loading. Data are shown as mean ± SE. *p < 0.05, 
**p < 0.01 and ***p < 0.001 compared with the untreated control 
group (CTL). #p < 0.05, ##p < 0.01 and ###p < 0.001 compared with 
the mdx group. Sc Schizandra chinensis Baillon
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Suppressed self-predatory action in aged skeletal mus-
cle reduces protein accumulation modified by impaired 
protein conversion, ultimately diminishing function of 
various biological pathways required for homeostasis 
and survival of muscle fibres. It regulates self-predation 
by activating PI3K and Akt signals via the insulin-like 
growth factor 1/PI3K/Akt signalling pathway and regulat-
ing mTOR via its involvement in ageing that cause degen-
eration and weakening (Kovacheva et al. 2010; Pavlicek 
et al. 2013). By analysing protein expression of PI3K/Akt 
and mTOR in this study, we confirmed Polycan extract 
improved reduced protein expression of p-Akt, p-PI3k and 
p-mTOR in the mdx group. This revealed that Polycan 

suppresses the proximal axis of the PI3K/Akt/mTOR sig-
nalling pathway.

Apoptosis is an important physiological process 
for tissue regeneration, homeostasis maintenance and 
growth, but the physiological changes that appear with 
age are characterised by rapid acceleration of muscle cell 
apoptosis. This is strongly correlated with muscle loss 
that appears in the elderly population, but the mecha-
nism through which apoptosis is accelerated is not yet 
fully known. However, chronic inflammation, such as 
the abovementioned oxidative stress, is indeed involved 
as is myonuclear apoptosis, which is characterised by a 
reduced number of multinuclear muscle cells (Cea et al. 

Fig. 5  Effect of Polycan on autophagy and apoptosis in mdx mice. 
A Phosphorylation of PI3K, AKT and mTOR expression. B Apop-
tosis levels were analysed by western blotting. Data are shown 
as mean ± SE. *p < 0.05, **p < 0.01 and ***p < 0.001 compared 

with the untreated control group (CTL). #p < 0.05, ##p < 0.01 and 
###p < 0.001 compared with the mdx group. Sc Schizandra chinensis 
Baillon
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2016; Spencer et al. 1997). Caspases are the most impor-
tant factors in apoptosis and play essential roles. Specifi-
cally, caspase-3 is known as the primary effector caspase 
that destroys various substrates. When cell death occurs 
in the cell membrane, activity of pro-apoptotic factor Bax 
(bcl-2-associated X protein) increases and expression of 
the relatively anti-apoptotic factor Bcl-2 is suppressed, 
thereby suppressing expression of the relatively anti-apop-
totic factor Bcl-2 and facilitating cytochrome c release. 
The released cytochrome c forms an apoptosome with 
pro-caspase-9 and apoptotic protease activator (APAF)-
1, which triggers PARP digestion by increasing activity 
of caspase-3 and DNA. Following this, apoptosis occurs 
due to increased DNA fragmentation. In this study, we 
investigated expression levels of Bax/Bcl-2 and cleaved-
caspase-3/caspase-3 after administering Polycan extract to 
determine its involvement in muscle cell apoptosis in mdx 
mice. Our results showed that cell death was suppressed.

Furthermore, our results indicate that Polycan could 
affect activation of muscle cell-producing transcription 
factors and muscle cell proteolytic factor suppression, 
which may be linked to ameliorated muscular atrophy and 
protection of muscular status in mdx mice, a model of 
muscular dystrophy.

Conclusion

This study demonstrated that Polycan resulted in activated 
myogenic transcription and inhibited muscle proteolytic 
factors, resulting in improvement and protection of muscle 
atrophy in the mdx mouse, a model of muscular dystrophy.

Acknowledgements Not applicable.

Author contributions TWO study design, data analysis and writing 
of the manuscript, YSK and JML performed the experiments and data 
collection and data statistical analysis. JSS and HJK study design and 
data analysis techniques. KIP reviewed the literature, revised the manu-
script, and coordinated the study. All authors read and approved the 
final version of the manuscript.

Declarations 

Conflict of interest Young-Suk Kim declares that he/she has no con-
flict of interest. Jong-Min Lim declares that he/she has no conflict of 
interest. Jae Suk Shin declares that he/she has no conflict of interest. 
Hyun Jun Kim declares that he/she has no conflict of interest. Kwang-
Il Park declares that he/she has no conflict of interest. Tae Woo Oh 
declares that he/she has no conflict of interest.

Ethical approval All the animal procedures were accepted and 
approved by the Korea Institute of Oriental Medicine-Daegu-Insti-
tutional Animal Care and Use Committee (KIOM-IACUC, reference 

number 21-053) and conducted following the US guidelines (NIH pub-
lication #83-23, revised in 1985).

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, 
provide a link to the Creative Commons licence, and indicate if changes 
were made. The images or other third party material in this article are 
included in the article's Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in 
the article's Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a 
copy of this licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/.

References

Alter J, Lou F, Rabinowitz A, Yin H, Rosenfeld J, Wilton SD, Partridge 
TA, Lu QL (2006) Systemic delivery of morpholino oligonucleo-
tide restores dystrophin expression bodywide and improves dys-
trophic pathology. Nat Med 12:175–177

Ammar A, Turki M, Chtourou H, Hammouda O, Trabelsi K, Kallel C, 
Abdelkarim O, Hoekelmann A, Bouaziz M, Ayadi F, Driss T, Sou-
issi N (2016) Pomegranate supplementation accelerates recovery 
of muscle damage and soreness and inflammatory markers after a 
weightlifting training session. PLoS ONE 11:e0160305

Ardite E, Barbera JA, Roca J, Fernandez-Checa JC (2004) Glutathione 
depletion impairs myogenic differentiation of murine skeletal 
muscle C2C12 cells through sustained NF-kappaB activation. 
Am J Pathol 165:719–728

Bacha U, Nasir M, Iqbal S, Anjum AA (2017) Nutraceutical, anti-
inflammatory, and immune modulatory effects of beta-glucan 
isolated from yeast. Biomed Res Int 2017:8972678

Barton ER, Morris L, Musaro A, Rosenthal N, Sweeney HL (2002) 
Muscle-specific expression of insulin-like growth factor I counters 
muscle decline in mdx mice. J Cell Biol 157:137–148

Bentzinger CF, Wang YX, Rudnicki MA (2012) Building muscle: 
molecular regulation of myogenesis. Cold Spring Harb Perspect 
Biol 4:a008342

Blake DJ, Weir A, Newey SE, Davies KE (2002) Function and genetics 
of dystrophin and dystrophin-related proteins in muscle. Physiol 
Rev 82:291–329

Bogdanovich S, Krag TO, Barton ER, Morris LD, Whittemore LA, 
Ahima RS, Khurana TS (2002) Functional improvement of dys-
trophic muscle by myostatin blockade. Nature 420:418–421

Cea LA, Puebla C, Cisterna BA, Escamilla R, Vargas AA, Frank M, 
Martinez-Montero P, Prior C, Molano J, Esteban-Rodriguez I, 
Pascual I, Gallano P, Lorenzo G, Pian H, Barrio LC, Willecke K, 
Saez JC (2016) Fast skeletal myofibers of mdx mouse, model of 
Duchenne muscular dystrophy, express connexin hemichannels 
that lead to apoptosis. Cell Mol Life Sci 73:2583–2599

Chan GC, Chan WK, Sze DM (2009) The effects of beta-glucan on 
human immune and cancer cells. J Hematol Oncol 2:25

Cheng GD, Liu XW, Li P, Li Y (2021) Down-regulation of PTTG1 sup-
presses PDGF-BB-induced proliferation, migration and extracel-
lular matrix production of airway smooth muscle cells (ASMCs) 
by regulating PI3K/AKT/mTOR signaling pathway. Mol Cell 
Toxicol 17:485–492

Choi JS, Shin HS, Kim KY, Ku SK, Choi IS, Kim JW (2015) Effect of 
Polycalcium, a mixture of Polycan and calcium lactate-gluconate 
in a 1:9 weight ratio, on rats with surgery-induced osteoarthritis. 
Exp Ther Med 9:1780–1790

http://creativecommons.org/licenses/by/4.0/


297Molecular & Cellular Toxicology (2022) 18:285–297 

1 3

Clerk A, Morris GE, Dubowitz V, Davies KE, Sewry CA (1993) Dys-
trophin-related protein, utrophin, in normal and dystrophic human 
fetal skeletal muscle. Histochem J 25:554–561

Coley WD, Bogdanik L, Vila MC, Yu Q, Van Der Meulen JH, Raya-
varapu S, Novak JS, Nearing M, Quinn JL, Saunders A, Dolan 
C, Andrews W, Lammert C, Austin A, Partridge TA, Cox GA, 
Lutz C, Nagaraju K (2016) Effect of genetic background on the 
dystrophic phenotype in mdx mice. Hum Mol Genet 25:130–145

Dunckley MG, Manoharan M, Villiet P, Eperon IC, Dickson G (1998) 
Modification of splicing in the dystrophin gene in cultured Mdx 
muscle cells by antisense oligoribonucleotides. Hum Mol Genet 
7:1083–1090

Ehlers MD (2003) Activity level controls postsynaptic composition 
and signaling via the ubiquitin-proteasome system. Nat Neurosci 
6:231–242

Emery AE (2002) The muscular dystrophies. Lancet 359:687–695
Evans NP, Call JA, Bassaganya-Riera J, Robertson JL, Grange RW 

(2010) Green tea extract decreases muscle pathology and NF-
kappaB immunostaining in regenerating muscle fibers of mdx 
mice. Clin Nutr 29:391–398

Grounds MD, Torrisi J (2004) Anti-TNFalpha (Remicade) therapy 
protects dystrophic skeletal muscle from necrosis. FASEB J 
18:676–682

Haller RG, Lewis SF, Cook JD, Blomqvist CG (1983) Hyperkinetic 
circulation during exercise in neuromuscular disease. Neurology 
33:1283–1287

Hartel JV, Granchelli JA, Hudecki MS, Pollina CM, Gosselin LE 
(2001) Impact of prednisone on TGF-beta1 and collagen in dia-
phragm muscle from mdx mice. Muscle Nerve 24:428–432

Hilt W, Wolf DH (2004) The ubiquitin-proteasome system: past, pre-
sent and future. Cell Mol Life Sci 61:1545

Hwang SJ, Lim JM, Ku BH, Cheon DM, Jung YJ, Kim YS, Oh TW 
(2021) Effects of polysaccharide (polycan) derived from black 
yeast in dexamethasone-induced muscle atrophy cell model. 
Herbal Formula Science 29:45–55

Jagoe RT, Goldberg AL (2001) What do we really know about the 
ubiquitin-proteasome pathway in muscle atrophy? Curr Opin Clin 
Nutr Metab Care 4:183–190

Kandarian SC, Jackman RW (2006) Intracellular signaling during skel-
etal muscle atrophy. Muscle Nerve 33:155–165

Kasper CE, Talbot LA, Gaines JM (2002) Skeletal muscle damage and 
recovery. AACN Clin Issues 13:237–247

Kim JH, Kwak HB, Thompson LV, Lawler JM (2013) Contribution of 
oxidative stress to pathology in diaphragm and limb muscles with 
Duchenne muscular dystrophy. J Muscle Res Cell Motil 34:1–13

Kim YS, Hwang SJ, Park KI, Lim JM, Cheon DM, Jung YJ, Jeon BY, 
Kwak KT, Oh TW (2021) Protective Effect of water extract Phel-
linus linteus-discard Schisandra chinensis solid fermented extracts 
on improvement of sarcopenia by Atorvastatin-induced muscle 
atrophy cell model. Herbal Formula Sci 29:239–252

Kovacheva EL, Hikim AP, Shen R, Sinha I, Sinha-Hikim I (2010) Tes-
tosterone supplementation reverses sarcopenia in aging through 
regulation of myostatin, c-Jun NH2-terminal kinase, Notch, and 
Akt signaling pathways. Endocrinology 151:628–638

Lawler JM, Song W, Demaree SR (2003) Hindlimb unloading increases 
oxidative stress and disrupts antioxidant capacity in skeletal mus-
cle. Free Radic Biol Med 35:9–16

Lee CJ, Kang MJ, Kim S, Han IH, Bae H (2022) Screening of 
phytochemicals effective on relieving cancer cachexia in 

cisplatin-induced in vitro sarcopenia model. Mol Cell Toxicol 
18:111–120

Marinovic AC, Zheng B, Mitch WE, Price SR (2007) Tissue-spe-
cific regulation of ubiquitin (UbC) transcription by glucocorti-
coids: in vivo and in vitro analyses. Am J Physiol Renal Physiol 
292:F660-666

Marquez J, Park N, Garcia MVF, Kim HK, Han J (2020) HS-1793 pro-
tects C2C12 cells from oxidative stress via mitochondrial function 
regulation. Mol Cell Toxicol 16:359–365

Matsumura K, Campbell KP (1994) Dystrophin-glycoprotein complex: 
its role in the molecular pathogenesis of muscular dystrophies. 
Muscle Nerve 17:2–15

Novak M, Vetvicka V (2008) Beta-glucans, history, and the present: 
immunomodulatory aspects and mechanisms of action. J Immu-
notoxicol 5:47–57

Park C, Lee H, Park SH, Hong SH, Song KS, Cha HJ, Kim GY, Chang 
YC, Kim S, Kim HS, Choi YH (2020) Indole-6-carboxaldehyde 
prevents oxidative stress-induced mitochondrial dysfunction, 
DNA damage and apoptosis in C2C12 skeletal myoblasts by 
regulating the ROS-AMPK signaling pathway. Mol Cell Toxicol 
16:455–467

Pavlicek A, Lira ME, Lee NV, Ching KA, Ye J, Cao J, Garza SJ, 
Hook KE, Ozeck M, Shi ST, Yuan J, Zheng X, Rejto PA, Kan 
JL, Christensen JG (2013) Molecular predictors of sensitivity to 
the insulin-like growth factor 1 receptor inhibitor Figitumumab 
(CP-751,871). Mol Cancer Ther 12:2929–2939

Rayavarapu S, Coley W, Van der Meulen JH, Cakir E, Tappeta K, 
Kinder TB, Dillingham BC, Brown KJ, Hathout Y, Nagaraju K 
(2013) Activation of the ubiquitin proteasome pathway in a mouse 
model of inflammatory myopathy: a potential therapeutic target. 
Arthritis Rheum 65:3248–3258

Shin HD, Yang KJ, Park BR, Son CW, Jang HJ, Ku SK (2007) Anti-
osteoporotic effect of Polycan, beta-glucan from Aureobasidium, 
in ovariectomized osteoporotic mice. Nutrition 23:853–860

Smiderle FR, Olsen LM, Carbonero ER, Baggio CH, Freitas CS, Mar-
con R, Santos AR, Gorin PA, Iacomini M (2008) Anti-inflam-
matory and analgesic properties in a rodent model of a (1–>3), 
(1–>6)-linked beta-glucan isolated from Pleurotus pulmonarius. 
Eur J Pharmacol 597:86–91

Spencer MJ, Walsh CM, Dorshkind KA, Rodriguez EM, Tidball JG 
(1997) Myonuclear apoptosis in dystrophic mdx muscle occurs 
by perforin-mediated cytotoxicity. J Clin Invest 99:2745–2751

Wang Y, Song X, Zhang Y, Wang B, Zou X (2016) Effects of nitrogen 
availability on polymalic acid biosynthesis in the yeast-like fungus 
Aureobasidium pullulans. Microb Cell Fact 15:146

Yang Z, Klionsky DJ (2009) An overview of the molecular mechanism 
of autophagy. Curr Top Microbiol Immunol 335:1–32

Yang QJ, Huo Y, Han YL, Wan LL, Li J, Huang JL, Lu J, Chen PG, 
Gan R, Guo C (2017) Selumetinib attenuates skeletal muscle 
wasting in murine cachexia model through ERK inhibition and 
AKT activation. Mol Cancer Ther 16:334–343

Publisher’s Note Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.


	Extracellular polysaccharides purified (Polycan) from Aureobasidium pullulans SM-2001 improves pathophysiology of dystrophin-deficient mdx mice
	Abstract
	Background 
	Objective 
	Result 
	Conclusion 

	Introduction
	Materials and methods
	Preparation of Polycan extract
	Animal study
	Measurement of body weight
	Treadmill test
	Grip strength meter
	Extraction of muscle tissue
	Histopathology analysis
	Changes of serums
	Reverse transcription-quantitative PCR (RT-qPCR)
	Western blot analysis
	Statistical analysis

	Results
	Effect of Polycan on body weight and muscle dystrophy in mdx mice
	Effect of Polycan on changes in histology, thickness and weight
	Haematological effects
	Changes in gene expression associated with muscle production and muscle cell proteolysis
	Effects on pathways related to energy metabolism regulation
	Effects on muscle protein synthesis pathway and apoptosis

	Discussion
	Conclusion
	Acknowledgements 
	References




