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Abstract

Background Disuse atrophy is a frequent cause of muscle atrophy, which can occur in individuals of any age who have
been inactive for a prolonged period or immobilization. Additionally, acute diseases such as COVID-19 can cause fre-
quent sequelae and exacerbate muscle wasting, leading to additional fatigue symptoms. It is necessary to investigate
potent functional nutrients for muscle reinforcement in both disuse atrophy and fatigue to ensure better physical
performance.
Methods The effects of Sanghuangporus sanghuang SS-MN4 mycelia were tested on two groups of 6-week-old male
mice—one with disuse atrophy and the other with fatigue. The disuse atrophy group was divided into three sub-
groups: a control group, a group that underwent hind limb casting for 7 days and then recovered for 7 days and a group
that was administered with SS-MN4 orally for 14 days, underwent hind limb casting for 7 days and then recovered for
7 days. The fatigue group was divided into two sub-groups: a control group that received no SS-MN4 intervention and
an experimental group that was administered with SS-MN4 orally for 39 days and tested for exhaustive swimming and
running on Day 31 and Day 33, respectively. RNA sequencing (RNA-seq) and western blot analysis were conducted on
C2C12 cell lines to identify the therapeutic effects of SS-MN4 treatment.
Results In a disuse atrophy model induced by hind limb casting, supplementing with 250 mg/kg of SS-MN4 for
14 days led to 111.2% gastrocnemius muscle mass recovery and an 89.1% improvement in motor function on a tread-
mill (P < 0.05). In a fatigue animal model, equivalent SS-MN4 dosage improved swimming (178.7%) and running
(162.4%) activities (P < 0.05) and reduced blood urea nitrogen levels by 18% (P < 0.05). SS-MN4 treatment also
increased liver and muscle glycogen storage by 34.36% and 55.6%, respectively, suggesting a higher energy reserve
for exercise. RNA-seq and western blot studies from the C2C12 myotube showed that SS-MN4 extract upregulates
Myh4 and helps sustain myotube integrity against dexamethasone damage.
Conclusions Supplementation of SS-MN4 (250-mg/kg body weight) with hispidin as active compound revealed a po-
tential usage as a muscle nutritional supplement enhancing muscle recovery, fast-twitch fibre regrowth and fatigue
resistance.
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Introduction

Generally, skeletal muscle mass and strength gradually de-
cline up to ~3% annually after the age of 60. Risk factors such
as genetics, nutrients, reduced physical activity and environ-
ment can greatly influence muscle maintenance.1 The cause
of muscle atrophy varies depending on the underlying condi-
tion, but physical inactivity is a significant factor.2 Disuse atro-
phy not only causes a decline in muscle strength with in-
creased risk of developing sarcopenia but also affects the
quality of life. Studies have shown that individuals diagnosed
with the low skeletal muscle mass are at increased risk of
chronic diseases and cognitive dysfunction.3 Moreover, as
an individual’s muscle grip weakens and mobility deterio-
rates, lower muscle mass leads to a lower metabolic rate to
utilize glucose, resulting in fat accumulation and abnormal
blood sugar metabolism. As the disease progresses,
sarcopenic obesity significantly increases the risk of cardio-
vascular disease and mortality.4 Healthcare related to sarco-
penia was estimated at $18.5 billion in the United States in
2000, accounting for 1.5% of healthcare expenditure.5

The current treatment for patients with muscle disuse at-
rophy involves the use of neuromuscular electrical stimula-
tion and protein-based nutritional supplements to slow down
the rate of muscle loss.6 In the previous proposed mecha-
nisms for the decline of muscle mass including, changes in
hormone levels,7 and loss of myocytes via apoptosis.8 Muscle
apoptosis is caused by complex and interdependent patho-
physiological mechanisms, including ageing, acute diseases,
lack of physical activity, nerve muscle damage, oxidative
stress, inflammation and mitochondrial dysfunction.9 For in-
stance, during the recent outbreak of severe acute respira-
tory syndrome coronavirus 2 (COVID-19) pandemic, physical
lockdown and lack of nutrient uptakes resulted in a signifi-
cant deterioration in the quality of individual skeletal muscle.
Additionally, between 53% and 63% of post-acute sequelae
COVID-19 (long COVID) patients were diagnosed with muscle
weakness.10 A new hypothesis suggests that patients who
have recovered from COVID-19 may develop sarcopenia due
to fatigue symptoms and muscle disuse, posing additional
risks.11 Thus, there is a pressing need for muscle nutritional
reinforcement in those populations to ensure better physical
performance and improved quality of life.

Natural phytochemical extracts, which are often enriched
from vegetables, grains, nuts, fruits and herbs, can provide
various health benefits by simultaneously acting on the anti-
oxidant and anti-inflammation activity at the cellular level.12

Due to ageing, the digestive system becomes less efficient,
and an animal protein-based diet can burden the digestive
tracks in the elderly population.13 Therefore, the develop-
ment of natural supplements with the bioactive compounds
can provide a non-pharmaceutical strategy for muscle main-
tenance. Sanghuangporus sanghuang, a traditional medici-
nally valuable mushroom used as an herbal ingredient to

alleviate sickness in humans for more than hundreds of
years, has been identified its multiple functions in immuno-
modulatory activities, antiviral, antioxidant, antidiabetic,
anti-inflammatory, antimicrobial and antitumor-related dis-
eases in modern pharmacological studies.14 Among the phy-
tochemical constituents of S. sanghuang—hispidin, the yel-
low polyphenol pigment, displayed excellent antioxidant
and anti-obesity properties.15 In our previous study, we ob-
served that hispidin-enriched S. sanghuang can upregulate
nuclear factor erythroid 2-related factor 2 (Nrf2) in a
dosage-dependent manner.16 Deficiency of Nrf2 expression
has been reported as a vital marker associated with sarcope-
nia development in vivo.17 Clinical study also showed that
the Nrf2–antioxidant response element (ARE) pathway is im-
paired in older adults (63 ± 1 years) and the benefit of
exercising is less effective when compared with the young
adult (23 ± 1 years).18 Based on the above assumption, a
specific fermented batch from hispidin-enriched
S. sanghuang strain (SS-MN4; muscle nutrient-4) was investi-
gated based on its intrinsic effects of Nrf2 gene upregulation,
which can provide an alternative healthcare supplement for
delaying muscle atrophy while decreasing muscle fatigue ef-
fects. The aim of this study will systematically investigate the
effectiveness of SS-MN4 in muscle improvement using two
different mouse models (disuse atrophy and fatigue) and un-
cover its molecular mechanism using in vitro C2C12 cell line
(Scheme 1).

Materials and methods

S. sanghuang mycelia SS-MN4 fermentation,
extraction and compound isolation

S. sanghuang mycelia SS-MN4 enriched with hispidin were
cultivated according to the previous study.19 In brief, 1-cm3

mycelia agar block was collected and transferred to the 1-L
broth containing glucose (1%), yeast extract (0.3%) and
MgSO4 (0.05%) with pH adjustment to 5. The 1-L flask is
placed on a shaker with a rotational speed at 120 rpm and in-
cubated at 25°C for 7 days. The solution is then transferred to
500-L and 20-t fermenter for 10-day scale-up production. The
finalized SS-MN4 biomass was collected, lyophilized and
grinded into powder form on the 10th day. The powder was
later quantified using high-performance liquid chromatogra-
phy (HPLC) with hispidin content at ~3 mg/g. To obtain SS-
MN4 ethanoic extract, SS-MN4 powder (50 g) was dissolved
in 1 L of absolute alcohol extracted using an ultrasonic bath.
The extracted solution is then filtered by No. 4 Whatman fil-
ter paper and concentrated using a rotary evaporator (R-220;
BÜCHI Labortechnik AG, Flawil, Switzerland). Dried extract
matter was resuspended in either phosphate-buffered saline
(PBS) or dimethyl sulfoxide (DMSO) to obtain a concentrated
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sample at 100 mg/mL. The extracted sample was sterilized
through 0.22-μm syringe for in vitro and in vivo studies. For
hispidin purification, the extraction protocol was conducted
according to previous publication with slight modification.20

In brief, the extract was partitioned using hexane–90% MeOH
(2:1) mixture and centrifuged at 3600 × g for 5 min. This pro-
cedure is repeated two times, and the hispidin was concen-
trated using the rotary evaporator. To confirm the hispidin
compound, ultra-high-performance liquid chromatography
(UHPLC) analysis (Agilent 1290 system, Agilent Technologies,
Santa Clara, CA, USA) was performed using Kinetex
Core-Shell C18 analytical column (3 × 100 mm, particle size
of 1.7 μm; Phenomenex, CA, USA). The parameter for
mobile-phase gradient is set at 40°C with 0.1% formic acid
(A) and acetonitrile (B). The gradient elution profile is set as
follows: 0–10 min, 15–40% (B); 10–10.1 min, 40–100% (B);
10.1–12 min, 100–100% (B); 12–12.5 min, 100–15% (B); and
12.5–15 min, 15–15% (B). The retention time (RT) for hispidin
peak is at 3.36 min measured with 380-nm UV wavelength at
a flow rate of 1.0 mL/min.

Experimental animals and performance tests

For disuse atrophy animal model, 6-week-old C57BL/6J male
mice only were obtained from the National Laboratory
Animal Center (Taipei, Taiwan) and approved by the Institute

Animal Care and Use Committee of Medical and Pharmaceu-
tical Industry Technology and Development Center, New
Taipei City, Taiwan (IACUC-1100006). All animals were housed
2 weeks in the controlled environment with an ambient tem-
perature of 23 ± 1°C and 60 ± 5% relative humidity, with a
12:12-h light regime before experiment. All diet and purified
water were available ad libitum. The mice at 10 weeks old
were handled with humane care and were divided into three
groups (n = 7 per group) for treatment as follows: (a)
sham-controlled mice, (b) mice with 7-day hind limb casting
(to simulate rapid muscle atrophy) with 7-day muscle recov-
ery and (c) mice with 7-day hind limb casting and 7-day re-
covery together with orally administered SS-MN4 treatment
(250 mg/kg/day) for a total of 14 days. The mice body weight
and food intake were recorded every day before sacrifice. To
analyse the muscle performance, all mice were tested on the
rodent treadmill with mouse lane assembly and an electronic
grid (Ugo Basile, Italy) to analyse the number of shocks. The
treadmill speed is set at 18–20 m/min with no incline for
30 min. The Grip Strength Meter System (GSM, Ugo Basile,
Italy) was used to measure the hind limb grip strength for
each mouse.

For fatigue animal model, 6-week Bltw:CD1 (ICR) male
mice only were obtained from the BioLASCO Taiwan Co.,
Ltd. (Taipei, Taiwan) and approved by the Institute Animal
Care and Use Committee of National Taiwan Sport University
(IACUC-11010). All animals were housed 2 weeks in the

Scheme 1 Schematic diagram of SS-MN4 as muscle nutrient for two different mouse models (fatigue and disuse atrophy).
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controlled environment with an ambient temperature of
22 ± 2°C and 65 ± 5% relative humidity, with a 12:12-h light
regime before experiment. All diet and purified water were
available ad libitum. As for fatigue experiment, the mice were
divided into two groups (n = 6 per group) for treatment as
follows: (a) vehicle with no SS-MN4 intervention and (b)
orally administered SS-MN4 treatment (250 mg/kg/day) for
a total of 39 days with exhaustive swimming test on Day 31
and exhaustive running test on Day 33. The mice body weight
was recorded on Days 0, 7, 14, 21, 28, 37 and 39 before sac-
rifice. The diet and water intake were recorded everyday
throughout the study. The endurance performance of mice
followed the similar method from previous publication with
slight modification.21 In brief, a mouse treadmill (MK680C,
Muromachi Kikai Co., Ltd., Japan) was used to detect the ex-
haustion time. The climbing slope is set at 5°, 10-m/min initial
running speed with increment of 2 m/min after 5 min of run-
ning, with an electric shock grid current fixed to 2 Hz,
1.22 mA behind the treadmill. To define run to exhaustion,
the fatigue characteristic is that the body falls into the elec-
tric shock area for 5 s and shows no willingness to run. In re-
gard to the swimming challenge, the swim time of each
mouse was recorded in water that was maintained at a tem-
perature of 30°C until the point of exhaustion. The mice were
swim grouped and attached to a lead fish sinker that weighed
5% of their body weight. Exhaustion was determined by ob-
serving the loss of coordinated movements and the inability
to swim to the surface to breathe within a 7-s time frame;
0.2 mL of blood was also collected after swim challenging,
the blood was collected at three time points and the blood
lactate and blood urea nitrogen (BUN) level analysis using
Hitachi 7060 autoanalyser (Hitachi, Tokyo, Japan). The mouse
liver and hind limb calf muscles were washed with normal sa-
line and then wiped dry and weighed. The tissue was cut at
the same position of the tissue and aliquoted and stored at
�80°C for subsequent analysis of tissue hepatic glucose con-
tent. The tissue samples were homogenized using five times
the weight volume (w/v) using tissue homogenizer (Next Ad-
vance, Cambridge, MA, USA). The tissue homogenate was dis-
pensed into microcentrifuge tubes, centrifuged at 4°C and
12 000 × g for 15 min, and the upper extract was taken out
for direct analysis of liver glycogen.

C2C12 differentiation and dexamethasone-induced
damage

For maintenance, mouse skeletal myoblast-derived cells
C2C12 (ATCC CRL-1772; Manassas, VA, USA) were cultured
in Dulbecco’s modified Eagle’s medium (DMEM) supple-
mented with 10% fetal bovine serum (Hyclone, South Logan,
UT, USA), in a humidified atmosphere of 95% air and 5%
CO2 at 37°C. Before differentiation, 1.5 × 105 cells were
seeded in 6-cm dish and induced differentiation when the

cell density has reached 80% confluence. During differentia-
tion, C2C12 medium was replaced with 2% horse serum
(HS)–DMEM with or without SS-MN4 extract at different
doses (25–100 μg/mL). C2C12 myoblasts were incubated
3 days to allow myotube transformation. Dexamethasone
(DEX) (D4902, Sigma-Aldrich, USA) damage was freshly pre-
pared (50 μM) and given on the third day for 24 h for myo-
tube damage.

C2C12 haematoxylin and eosin staining

For haematoxylin and eosin (H&E) staining of myotube
treated with SS-MN4, C2C12 myoblasts were first differenti-
ated as described in the procedures above. Before staining,
the SS-MN4-treated myotubes were fixed for 30 min using
PBS containing 4% formaldehyde solution (33220, Sigma-
Aldrich, USA). Next, the cell is stained with Gill’s haematox-
ylin followed by 1% eosin. The myotube image is taken
using ZEISS Axio inverted microscope (Vert.A1, Jena,
Germany). The methodology previously established for
quantifying myotube diameters was utilized.22 Specifically,
10 images were randomly captured from 6-cm plates with
at least three replicates, measuring no fewer than 150 myo-
tubes. To ensure an unbiased analysis, the origin of the cul-
tures and the treatment group were blinded to the investi-
gator. The collected images were then analysed using
ImageJ (US National Institutes of Health, USA) for statistical
calculations.

RNA-seq library preparation

Stranded RNA library was constructed by Swift RNA Library
Kit (Swift Biosciences). Briefly, mRNA was first purified from
3 μg of high-quality total RNA by NEBNext Poly(A) mRNA
Magnetic Isolation Module (E7490). Purified mRNA was
reverse transcribed to cDNA. A tailing and ligation were
performed to add adapter. Finally, a few cycles of PCR were
performed to enrich the library. The quality and quantity of
library were confirmed by gel electrophoresis, Qubit HS
DNA assay and quantitative PCR (qPCR) measurement.
Validated library was applied for cluster generation and
sequencing on the NovaSeq 6000 system.

RNA-seq analysis

The sequence data were processed with nf-core/rnaseq pipe-
line (https://nf-co.re/rnaseq) Version 3.9 for best practice of
reproducibility. Briefly, the fastq quality control was per-
formed using FastQC, and filtered reads were trimmed with
Trim Galore software. The trimmed fastq files were then
aligned to GRCm38 mouse genome using STAR and quanti-
fied with Salmon to generate gene-by-sample count matrix.
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Differential analysis of gene expression was performed using
DESeq2 package with log2 fold change ≥1 or ≤�1, and false
discovery rate (FDR) <0.05. clusterProfiler package was used
to perform pathway enrichment and visualization of differen-
tially expressed gene between sample groups.

RNA extraction and real-time PCR analysis

Differentiated C2C12 myotubes’ total RNA was isolated ac-
cording to the manufacturer’s recommendation protocol
using the GeneJET RNA Purification Kit (Thermo Scientific,
Lithuania) and quantified by BioDrop (Cambridge, UK). Total
RNA (2 μg) was used to synthesize single-strand cDNA accord-
ing to the manufacturer’s protocol by using iScript cDNA
Synthesis Kit (Bio-Rad, USA). The desired cDNA fragments
were amplified by real-time qPCR using the muscle associ-
ated primers. Reactions were carried out in 20-μL reaction
volumes containing 1-μL cDNA, 5× iTaq Universal SYBR
Supermix (Bio-Rad, USA) and the relevant primers. For this
study, the primer is organized in Table S1.

Western blot analysis

Total cell lysates were quickly prepared in lysis buffer
(radioimmunoprecipitation assay [RIPA], Thermo Scientific,
USA) at 4°C containing freshly added protease inhibitor
cocktail (GenDEPOT, USA). Protein extracts were quantified
and mixed with sodium dodecyl sulfate (SDS) sample buffer
and boiled at 90°C 5 min for protein denature. Each well
was loaded with 50 μg of protein separated by SDS–poly-
acrylamide gel electrophoresis (PAGE) on 8% or 10% gels
and then transferred to nitrocellulose membranes
(MilliporeSigma, Burlington, MA, USA). Blots were incubated
with primary antibodies against AMPK, myosin heavy chain
(MYHC) and β-actin (Cell Signaling Technology, Danvers, MA,
USA) or α-tubulin. Protein expression was analysed using de-
tection kit (WesternBright, Advansta, USA) and measured by
Bio-Rad imaging system (ChemiDoc XRS+, USA).

Statistical analysis

For cell study, data were analysed using one-way analysis of
variance (ANOVA) method, followed by Sidak’s multiple com-
parison test. For animal study, data were analysed using a
one-way ANOVA method, followed by Duncan’s multiple
range test. For all figure data analyses, P value below 0.05
is considered statistically significant. The graph was drawn
using software GraphPad Prism 9.

Results

SS-MN4 ameliorate disuse atrophy in vivo

In order to determine if SS-MN4 supplementation can ame-
liorate disuse atrophy, a disuse atrophy model was
introduced by casting an animal’s hind limb for 1 week to
induce rapid muscle atrophy. After casting for 7 days, the
vehicle group (casting only) showed a significant decrease
in both body weight (Figure 1A) and grip strength
(Figure 1B). In contrast, 250 mg/kg of SS-MN4 supplementa-
tion with casting did not show significant changes in body
weight loss when compared to the sham group. Despite that
all groups showed a rebound in body weight on Day 14 after
cast removal, the vehicle group still exhibited a significant
grip strength decline compared with Day 0 (~73.6%). On
the other hand, the SS-MN4 supplementation group demon-
strates a substantial recovery in muscle strength compared
with Day 0 (~89.3%). To further analyse the muscle
performance, all mice were tested on the rodent treadmill
with an electronic grid to analyse the number of shocks.
A lower number of shocks correlate with better muscle per-
formance. On Day 14, the treatment group demonstrates
that the SS-MN4 nutrient supplement can significantly
lower the number of shocks and the treadmill performance
is comparable to the control (Figure 1C). Gastrocnemius
muscle mass and soleus muscle mass were further ob-
tained to explore the physiological state of the muscle re-
covery. The result showed that treadmill improvement
may contribute to the significant difference in gastrocne-
mius muscle mass (Figure 1D) whereas soleus muscle mass
did not show significant recovery (Figure 1E). According to
the H&E tissue findings and cross-sectional area analysis
(Figure S1), the gastrocnemius tissue in the group that re-
ceived SS-MN4 treatment showed a larger cross-sectional
area (1548.79 ± 177.8 μm2) compared to the vehicle group
(1108.04 ± 177.8 μm2). This provides direct evidence that
the improved treadmill performance was due to the overall
recovery of the gastrocnemius tissue. Throughout the ex-
periment, all groups showed similar food consumption
amount indicating that the muscle atrophy or supplementa-
tion of SS-MN4 did not alter the appetite (data not shown).
Biomarker for muscle atrophy symptom like myostatin
(MSTN) in serum was also investigated, and the current re-
sult revealed that SS-MN4 can result in suppression of cir-
culating MSTN, which may aid to improve muscle mass
(Figure 1F).

SS-MN4 ameliorate fatigue symptom in vivo

In contrast with the short-term effect of SS-MN4 supplemen-
tation, the long-term benefits of SS-MN4 supplementation
for the healthy animal models were further examined. The
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result showed that after 39 days of SS-MN4 intervention
(250 mg/kg/day), there is no difference in body weight
(Figure 2A). The SS-MN4 treatment group showed significant
improvement in both swimming (~178.7%) and running
(~162.4%) compared with the vehicle (Figure 2B). Lactate acid
analysis was investigated through mice blood sampling after
swimming challenge. The result showed that the SS-MN4
group can significantly lower the lactate production after exer-
cise (t = 15 min, P < 0.05) and showed a higher clearance of

lactate at time 30 min (Figure 2C). Post-exercise BUN results
showed a significant reduction in BUN value by 18%
(P < 0.05) when compared with the control (Figure 2D). Liver
and hind leg muscle tissue were later obtained to explore two
primary glycogen storage organs, suggesting that significant
improvement in fatigue symptoms with SS-MN4 treatment
may contribute to a higher energy reservoir (liver increased
by 34.36% and muscle increased by 55.6%) for a breakdown
during the exercise challenge (Figure 2E).

Figure 1 Effects of SS-MN4 nutrient supplement on disuse atrophy model. (A) Body weight, (B) grip strength, (C) treadmill performance, (D) gastroc-
nemius muscle mass, (E) soleus muscle mass and (F) serum circulating myostatin (MSTN). Vehicle group (casting only) showed a significant decrease in
both body weight and grip strength; 14-day supplementation of SS-MN4 can significantly ameliorate the muscle loss effect and is comparable to the
control. Treadmill improvement may contribute to the significant difference in gastrocnemius muscle mass rather than soleus muscle mass. Suppres-
sion of serum circulating MSTN may aid in improving muscle mass. Data were expressed as mean ± SD (n = 6). *P < 0.05 and #P < 0.05 indicate sig-
nificant differences compared with the selected group.
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C2C12 myotube revealed SS-MN4 protection
against dexamethasone damage

DEX was commonly used as an atrophic compound to cause
damage to the differentiated C2C12 myotube. SS-MN4
ethanolic extract, obtained from the S. sanghuang mycelia,

was pre-supplemented 24 h before DEX damage to the
myotube to analyse its protective effect (Figure 3A).
Through H&E staining result, DEX at 50 μM showed signifi-
cant myotube atrophy compared with control whereas SS-
MN4 supplementation at a concentration of 25 μg/mL
showed significant myotube protection (Figure 3B).

Figure 2 Effects of SS-MN4 nutrient supplement on in vivo endurance model. After 39 days of SS-MN4 supplementation at 250 mg/kg/day, fatigue
symptoms were improved. No significant difference was observed in body weight change after long-term consumption (A). The SS-MN4 treatment
group exhibited a significant improvement in both swimming (~178.7%) and running (~162.4%) compared to the control group (B). The SS-MN4 sup-
plement significantly reduced lactate production after exercise (C), and post-exercise blood urea nitrogen (BUN) levels showed a significant reduction
in BUN value compared to the control (D). The improvement in fatigue symptoms with long-term SS-MN4 treatment might contribute to higher energy
reserves in organs (E). Data were expressed as mean ± SD (n = 6). *P < 0.05 indicates significant differences compared with the control group.
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Quantification of myotube diameter (n = 150) for each
group was calculated to understand the overall protective
efficiency. The result showed that SS-MN4 at 25 μg/mL
can significantly sustain the damage from the DEX treat-
ment (Figure 3C).

SS-MN4 RNA-seq bioinformatics reveals signalling
in myogenesis pathway

To further understand the underlying molecular mechanisms
of SS-MN4 acting on C2C12 muscle cells, we assayed gene ex-
pression with high-throughput sequencing technology. First,
we assayed SS-MN4 action on healthy muscle cells (untreated
vs. SS-MN4); 163 genes were differentially expressed including
Myh4, Myot, Igf2 and Car3 (Figure 4A and Table S2). Genes
that are upregulated are involved in muscle cell differentiation
and muscle cell development (Figure 4B). In the damaged
muscle model (untreated vs. DEX), a total of 407 and 639 dif-
ferentially expressed genes were observed between DEX and
the control group (Table S3). Pathway analysis on the DEX-up-
regulated gene showed negative regulation of locomotion, cell
motility and cellular component movement, which recapitu-
lated the muscle damage process (Figure 4C). SS-MN4 supple-
mentation treated the DEX-damaged group and identified 664
upregulated and 264 downregulated genes (Table S4). Specif-
ically, MYHC-related genes (Myh9 and Myh6) and
myogenesis-related genes (Myod1 andMyo18b) were upregu-
lated (Figure 4D). Pathway analysis on upregulated genes re-
vealed involvement in the biological process of muscle tissue

development, muscle cell differentiation and response to
growth factors (Figure 4E).

SS-MN4 prevent myotube atrophy through
upregulation of myosin heavy chain-related gene
and MYH4 protein

To correlate with the RNA-seq result, the effect of SS-MN4
ethanoic extract on C2C12 RNA expression for muscle growth
was analysed using real-time PCR. Results revealed that
25 μg/mL of SS-MN4 extract can increase Myogenin
expression while the Murf gene expression was suppressed
(Figure 5A). When further identifying the relative MYHC
genes, SS-MN4 at concentration of 25–100 μg/mL signifi-
cantly increased the expression of the fast skeletal Myh4
and Myh1 genes, as compared to the slow fibre gene Myh7
(Figure 5B). This correlates with the mechanistic study of gas-
trocnemius tissue immunohistochemistry (IHC) staining in the
group that received SS-MN4 treatment showed a higher ratio
(97.67 ± 1.53%) of anti-fast myosin positive staining com-
pared to the control group (79.67 ± 3.22%) (Figure S2). In as-
sociation with gene expression, a western blot result also
demonstrated that SS-MN4 ethanoic extract and its major ac-
tive compound, hispidin, showed a significant improvement
(25 μg/mL) in MYH4 protein expression and reduced the
damage caused by DEX (Figure 5C). Interestingly, SS-MN4 ex-
hibits higher MYH4 expression compared to hispidin alone.
This suggests that there may be other active compounds
worth investigating in future studies.

Figure 3 Protection of C2C12 myotubes by SS-MN4 against dexamethasone damage. Pre-supplementation with SS-MN4 24 h before dexamethasone
damage (A) showed significant myotube protection at a concentration of 25 μg/mL against dexamethasone damage at 50 μM, as demonstrated by
H&E staining (B). Quantification of myotube diameter (n = 150) for each group was calculated to determine the overall protective efficiency (C). Data
were expressed as mean ± SD (n = 6). *P < 0.05 and #P < 0.05 indicate significant differences compared with the selected group.
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Figure 4 Pathway analysis of treatment effect of SS-MN4 using bulk RNA sequencing. Genes involved in the action of SS-MN4 action on healthy mus-
cle cells (untreated vs. SS-MN4) (A). Genes that are upregulated are involved in muscle cell differentiation and muscle cell development (B). Pathway
analysis on dexamethasone (DEX)-upregulated gene showed negative regulation of locomotion, cell motility and cellular component movement, which
recapitulated the muscle damage process (C). SS-MN4 supplementation treated the DEX-damaged group and identified myosin heavy chain-related
genes (Myh9 and Myh6) and myogenesis-related genes (Myod1 and Myo18b) were upregulated (D). Pathway analysis on upregulated gene revealed
involvement in the biological process of muscle tissue development, muscle cell differentiation and response to growth factors (E).
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In this study, β-hydroxy-β-methylbutyrate (HMB) supple-
mentation was also used as a common effective compound
for muscle anabolic growth. Indeed, the result showed that
HMB at 100-μg/mL concentration reveals a significant protein
overexpression comparable with the SS-MN4 at 25 μg/mL
(Figure 5D). DEX resulted in decreased expression of MYH4
protein. In contrast to the HMB group exposed to DEX dam-
age, which showed comparable levels of MYH4 protein com-
pared to DEX-only groups, the SS-MN4 group was able to
maintain high levels of MYH4 protein. Therefore, it is sug-

gested that SS-MN4 alone or in combination with HMB may
aid in restoring MYH4 protein expression. Moreover, as AMPK
is a protein crucial for maintaining cellular energy balance,
the results show that both SS-MN4 and hispidin enhance
the expression of AMPK and total MYHC without damage
caused by DEX (Figure 5E). This may explain why long-term
use of SS-MN4 can increase overall glycogen levels in animal
tissue. However, when there is DEX-induced damage, SS-MN4
extract and hispidin may activate different pathways to in-
crease the overall MYHC protein level.

Figure 5 Supplementation with SS-MN4 can prevent myotube atrophy by upregulating myosin heavy chain-related genes and proteins. Real-time anal-
ysis showed that 25 μg/mL of SS-MN4 extract increasedMyogenin expression while suppressing theMurf gene expression (A). Fast skeletalMyh4 and
Myh1 genes were significantly enhanced compared to the slow fibre geneMyh7 (B). Western blot results demonstrated that SS-MN4 ethanolic extract
and its major active compound, hispidin, significantly improved MYH4 protein expression at a concentration of 25 μg/mL, thus protecting against dexa-
methasone (DEX) damage (C). At a concentration of 25 μg/mL, SS-MN4 resulted in significant MYH4 protein protection compared with β-hydroxy-
β-methylbutyrate (HMB) at 100 μg/mL (D). Both SS-MN4 and hispidin increased AMPK and total myosin heavy chain (MYHC) expression when there
was no DEX damage (E). *P < 0.05 and #P < 0.05 indicate significant differences compared with the selected group.
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Discussion

The skeletal muscle is the body’s largest metabolic organ.
Through proper nutritional interventions and exercise, indi-
viduals can improve muscle physical function, such as fatigue
resistance and increased muscle mass.23 However, in some
scenarios, such as acute illness, hospitalization and ageing,
sufficient physical activity may not be attainable, which can
increase the risk of developing sarcopenia.24 Furthermore,
studies have shown that low skeletal mass and its complica-
tions are associated with adverse outcomes in postoperative
recovery and longer hospital stays, especially in those over
65 years old.25 Therefore, it is crucial to identify potent func-
tional nutrients that can help reinforce muscles, not only in
the context of ageing but also in the aftermath of acute
illness.

In this study, a potent muscle nutrient candidate from the
S. sanghuang mycelia SS-MN4 was studied based on the two
animal models. The study chose cast immobilization as the
disuse atrophy model because it is a commonly used method
that induces rapid atrophy due to muscle inactivity.26 We
demonstrated that hind limb casting can simulate rapid mus-
cle mass decline, which is consistent with other murine im-
mobilization studies indicating a plateau at Day 7 for gastroc-
nemius weight loss.27 The 7-day period for casting also
decreases the chance of muscle inflammation affecting the
study of supplementation. This is due to the fact that muscle
inflammation is not usually heightened during the first phase
of muscle atrophy induced by cast immobilization.28 Under
no alteration in total food consumption between each group,
250 mg/kg/day of SS-MN4 was able to attenuate the disuse
atrophy effect from the immobilization. We analysed the
amino acid composition of SS-MN4 and found that the leu-
cine content (data not shown) does not play a major role
due to clinical trials suggest that up to ~5-g leucine per meal
in the daily meals is necessary for myofibrillar protein
synthesis.29 Gastrocnemius mass decline is considered a key
functional indicator for the early onset of sarcopenia
symptom,30 and our supplementation of SS-MN4 has shown
improvement in gastrocnemius mass, which can contribute
to the recovery of grip force and endurance test. This con-
sumption dosage is equivalent to ~1.22 g/day for a 60-kg hu-
man adult, which is a practical dosage for future clinical trial
translation.31 Circulation myokine MSTN was also investi-
gated as a biomarker for muscle wasting symptoms, and cur-
rent result revealed that suppression of circulating MSTN
may aid in muscle mass recovery.26

Physical exercise can help to reduce fatigue symptoms and
increase muscle performance with greater force. To evaluate
whether the long-term effect of SS-MN4 supplementation
can help to decrease muscle fatigue, a similar animal study
was conducted following Huang’s group to evaluate the exer-
cise performance.21 Our result indicates that supplementa-
tion of the 250 mg/kg/day of SS-MN4 for a total of 39 days

showed significant improvement in both swimming and run-
ning activities. Lactate and BUN values are two well-known
biomarkers for muscle fatigue,32 and our results reveal a clear
reduction in fatigue biomarkers, which indicates that the
muscular network may become more efficiently maintained
in energy expenditure. To be more precise, long-term con-
sumption showed the benefits of SS-MN4 in increasing the
liver and muscle glycogen storage capacity, which primarily
led to a better long-term exercise performance. A recent
study has shown that overexpression of protein targeting to
glycogen (PTG) in animal is a key regulator for endurance im-
provement because it can increase liver glycogen levels.33 We
hypothesized that SS-MN4 supplementation may generate a
similar mechanism, which increased the PTG expression
in vivo. Nonetheless, the untargeted metabolomics approach
of SS-MN4 for hepatic glycogen network will be investigated
in a separate study.

RNA-seq bulk analysis showed that SS-MN4 can potentially
reverse the muscle atrophy in the atrophic model induced by
DEX via recruiting muscle differentiation and development
pathway. A recent transgenic mouse study identified that fast
muscles like quadriceps are predominantly composed of
Myh4 or Myh1 gene.34 We confirmed that Myogenin, Myh1
and Myh4 are indeed overexpressed in the SS-MN4
treatment, which may correlate with the recovery of the gas-
trocnemius muscle in vivo. DEX is a well-studied synthetic
corticosteroid that induced fast-twitch muscle type IIb fibre
atrophy.35 Our western blot result is consistent with the gene
expression, which revealed that SS-MN4 treatment can help
to increase MYH4 protein expression. A muscle topology
study showed that fast-twitch fibres feature more power
generation whereas slow-twitch fibres are more related to fa-
tigue resistance.36 We analysed slow-twitch fibre gene ex-
pression results likeMyh7, but it is not significantly expressed
in C2C12 under SS-MN4 treatment.

Hispidin, one of the main active compounds in SS-MN4,
has been shown to have beneficial effects in multiple dis-
eases, including cancer, metabolic syndrome, cardiovascular
disease, neurodegenerative disease and viral diseases. How-
ever, its effect on muscle-related research is rarely discussed.
In the current study, we demonstrated that SS-MN4, which
contains hispidin, is comparable to the common supplement
HMB. For the first time, the results revealed that both supple-
ments demonstrate a similar increase in total MYHC protein
level (data not shown) under normal treatment, but
SS-MN4 demonstrates an advantage in MYH4 protein protec-
tion against DEX damage. Interestingly, SS-MN4 exhibits
higher MYH4 expression compared to hispidin alone. This
suggests that there may be other active compounds worth in-
vestigating in future studies.

We further analysed the AMPK protein, which regulates
skeletal muscle mass and cellular energy homeostasis, in both
the SS-MN4 treatment and its active compound. Current
results indicate that both SS-MN4 and hispidin increase the

2236 I.-C. Li et al.

Journal of Cachexia, Sarcopenia and Muscle 2023; 14: 2226–2238
DOI: 10.1002/jcsm.13307



expression of AMPK and total MYHC when there is no DEX
damage. We suspect that SS-MN4 and hispidin can increase
glycogen metabolism, which leads to the activation of AMPK.
The benefit of long-term consumption of SS-MN4 can increase
overall glycogen storage levels in animal tissue and thus fur-
ther decrease the fatigue symptom. In contrast, when there
is muscle damage due to DEX, SS-MN4 extract and hispidin
may trigger different pathways via recovery of the mitochon-
dria damage from DEX to increase the MYHC protein.37 This
finding also correlates with a recent study, which suggests that
AMPK activation is not required to induce hypertrophy.38 Re-
cent report demonstrated that low concentrations of DEX
(1 μM) can promote myogenic differentiation (MYH1/2) via a
direct enhancement of kinesin-1 motility.39 While the concen-
tration of DEX used in this study differed from that of our
study, it is important to acknowledge that the initial muscle
composition and DEX concentration are crucial factors in de-
termining the impact on muscle mass and function.

Nevertheless, a clinical study has shown that 4 weeks of
HMB supplementation with high-intensity interval training
(HIIT) can improve endurance performance.40 Considering
that SS-MN4 (~3.08 mg/g of hispidin, RT of 2.396 min, Figure
S3) has demonstrated its long-term beneficial effects in en-
durance, future translation of this supplement to sports ath-
letes troubled with injury is recommended due to its intrinsic
property of muscle recovery. There are still some limitations
to our current findings of SS-MN4 effects due to our animal
models. This study did not consider age as a factor that is a
general cause of muscle wasting. Future age-induced muscle
wasting models will need to be analysed to see whether
SS-MN4 is affected by age.

In summary, supplementing SS-MN4 with hispidin at a
dose of 250-mg/kg body weight (BW) can alter the metabolic
profile of muscle cells. This alteration can result in increased
glycogen storage, maintenance of C2C12 myotube integrity
and increased gene expression that favours muscle develop-
ment. Ultimately, these advantages can help ease disuse

atrophy symptoms and enhance muscle endurance, making
it a hopeful supplement for those who might be at risk of de-
veloping sarcopenia early on.
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