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ABSTRACT: Muscle atrophy often occurs in type 2 diabetes
(T2D) and leads to an increase in physical disability and insulin
resistance. However, there are very few studies that have
investigated potential natural products used for this condition. In
this study, we demonstrated that FYGL (Fudan-Yueyang-G.
lucidum), a proteoglycan extracted from Ganoderma lucidum,
ameliorated muscle atrophy in rat and mouse models of diabetes.
Histopathological analysis of muscle revealed that oral admin-
istration of FYGL significantly prevented reduction of the cross-
sectional area of muscle fibers and overexpression of muscle
atrophic factors in diabetic rats and mice. Muscle RNA-seq analysis
in vivo indicated that FYGL regulated genes related to myogenesis,
muscle atrophy, and oxidative phosphorylation. Also, FYGL
activated AMPK in vivo. Furthermore, the underlying molecular mechanisms were studied in palmitate-induced C2C12 muscle
cells using immunofluorescence staining and Western blotting, which revealed that FYGL inhibited muscle atrophy by stimulating
ATP production and activating the AMPK/SIRT1 pathway, thus promoting oxidative metabolism. This result rationalized the in
vivo findings. These results suggest FYGL as a promising functional food ingredient for the prevention of T2D-induced muscle
atrophy.

1. INTRODUCTION
Muscle atrophy often occurs in patients with diabetes mellitus
and is characterized by a loss of muscle mass and a decrease in
muscle strength, leading to physical disability.1,2 Reduced
muscle mass results in impaired glucose and lipid homeostasis
and promotes the progression of type 2 diabetes (T2D).3 The
degradation of protein and a decrease in protein synthesis in
the skeletal muscle accelerate muscle mass loss. During the
process of muscle atrophy, MURF1 (muscle RING-finger 1)
and atrogin 1 are significantly up-regulated and play an
important role in the degradation of muscle proteins. Thus,
these two genes are regarded as markers of muscle atrophy.4,5

Research has shown that mitochondrial dysfunction plays an
important role in mediating muscle atrophy in T2D.
Promoting mitochondrial biogenesis and oxidative metabolism
is beneficial in the treatment of T2D-induced muscle
atrophy.6−8 In addition, AMP-activated kinase (AMPK) is
crucial to the fundamental regulation of energy balance and
oxidative metabolism.9 It has been reported that AMPK
agonists have the potential to prevent muscle atrophy in
streptozotocin-induced diabetic rats.10 Additionally, activation

of AMPK stimulates the activity of sirtuin 1 (SIRT1), also an
important regulator of mitochondrial biogenesis.11 Shen et al.
reported that activation of SIRT1 suppressed the over-
expression of atrogin 1 in the skeletal muscle, preventing
dexamethasone-induced muscle atrophy.12 Therefore, activat-
ing the AMPK/SIRT1 pathway and promoting oxidative
metabolism are considered a potential therapeutic approach in
the treatment of T2D-induced muscle atrophy. However, few
therapeutic drugs for muscle atrophy, such as recombinant
growth hormone and megestrol acetate, are available in clinical
practice. The side effects resulting from these drug treatments
include insulin resistance, peripheral edema, and transient
adrenal insufficiency. Unlike chemical drugs, natural products
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have the unique advantage of causing few side effects.
Therefore, there is an unmet medical need to explore
functional components from natural resources for protection
against diabetes-induced muscle atrophy.

Ganoderma lucidum is widely known for its antiaging and
anti-inflammatory activities and has been used medicinally for
more than 2000 years.13−15 Previously, we extracted a
proteoglycan with a molecular weight of 2.6 × 105 Da from
Ganoderma lucidum, which we named FYGL (Fudan-Yueyang-
G. lucidum).16 Chemical and spectroscopic methods were used
to characterize the dominant structure of FYGL (Figures S1−
S6).17,18 As shown in Figure 1A,B, the polysaccharide moieties
of FYGL consist of arabinose, galactose, rhamnose, and
glucose. These moieties covalently bind to the serine and
threonine residues of protein moieties in FYGL via O-type
glycoside. It was previously demonstrated that FYGL
ameliorated skeletal muscle insulin resistance in vivo by
suppressing the expression of protein tyrosine phosphatase 1B
(PTP1B).19 However, the effects and underlying mechanisms
of FYGL on muscle atrophy in T2D remain unclear.
Palmitate is a saturated fatty acid. It has been reported that

exposure of muscle cells to palmitate leads to the accumulation
of specific lipid metabolites and subsequent impaired insulin
signaling.20,21 Further, palmitate significantly reduced myotube
diameter and up-regulated the expression of atrophic genes
such as atrogin 1 in C2C12 cells.22,23 Therefore, palmitate-
induced C2C12 cells are used as model cells to study the
effects of agents on muscle atrophy in T2D in vitro.
In the current study, the role of FYGL in preventing

diabetes-induced muscle atrophy is evaluated in two diabetic
rodent models in vivo, and the underlying mechanisms are
further elucidated in palmitate-induced C2C12 cells in vitro.

2. RESULTS
2.1. FYGL Ameliorated Muscle Atrophy in Diet-

Induced T2D Rats. The effects of FYGL on muscle atrophy
in diet-induced T2D were investigated in 4-week old male
Sprague Dawley (SD) rats that were fed a normal diet (NC
rats) or a high-fat diet plus streptozotocin (HFD/STZ rats).
After the diet-induced T2D model was established, HFD/STZ
rats were orally administrated FYGL or saline for 4 weeks.
Basic metabolic data of SD rats have been studied and
published previously,25 as shown in Figure S7. In this study,
the tibialis anterior (TA) muscle of the rats was dissected, and
the inhibitory effects of FYGL on muscle atrophy were
observed by hematoxylin & eosin (H&E) staining. The cross-
sectional area (CSA) of muscle fibers in the HFD/STZ group
was reduced by 32% (P < 0.001) compared to the NC group.
However, FYGL or metformin (Met) treatment prevented
HFD/STZ-induced reduction of CSA of muscle fibers (Figure
2A,B).
Then, the expressions of protein involved in muscle atrophy

were detected to further evaluate the inhibitory effects of FYGL
on muscle atrophy in HFD/STZ rats. Myostatin (MSTN) is a
negative regulator of muscle growth.26 MSTN negatively
regulates muscle mass through the activation of MURF1 and
atrogin 1, two muscle-specific ubiquitin ligases regarded as
markers of muscle atrophy.27,28 TA muscle sections were
immunohistochemically stained for MSTN expression. MSTN
expression was significantly increased in the HFD/STZ group
compared with the NC group. This increase was inhibited by
FYGL or Met treatment (Figure 2C,D). Atrogin 1 is a muscle-
specific ubiquitin ligase that accelerates protein degradation,
particularly the degradation of myofibrillar components in the
skeletal muscle.4 Therefore, it is widely used as a marker of

Figure 1. (A) Dominant structure of FYGL. Gal: galactose, Glc: glucose, Rha: rhamnose, Ara: arabinose. Thr: threonine, and Ser: serine. The
polysaccharide moieties of FYGL covalently bind to the serine and threonine residues of protein moieties via O-type glycoside.17 (B) Dominant
sequence of the protein moieties of FYGL.24
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muscle atrophy. In this study, the expression of atrogin 1 in TA
muscle was analyzed by Western blotting. Atrogin 1 expression

was significantly increased in HFD/STZ rats, where FYGL
treatment reversed this change (Figure 2E), indicating that

Figure 2. FYGL prevented skeletal muscle loss in HFD/STZ-induced T2D rats. (A) Paraffin sections of TA muscle tissue were stained with H&E
and observed under a NanoZoomer 2.0-HT. Scale bar = 100 μm. (B) CSA of muscle fibers was measured via Image J software (n = 6). (C) TA
muscle tissue was immunohistochemically stained with antibodies against MSTN and observed via NanoZoomer 2.0-HT. The brown color
indicates MSTN expression (highlighted with blue arrows). Scale bar = 100 μm.(D) MSTN expression was quantified by IOD using Image J
software (n = 6). (E) Atrogin 1 protein levels in the TA muscle tissue were measured via Western blotting (n = 3). All values are expressed as mean
± SEM. ##P < 0.01, ###P < 0.001 vs NC. *P < 0.05, **P < 0.01, ***P < 0.001 vs HFD/STZ.
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FYGL down-regulated the expression of atrogin 1. Taken
together, these results suggest that FYGL ameliorated muscle
atrophy in HFD/STZ rats.
2.2. FYGL Mitigated Muscle Atrophy in Genetically

Induced T2D Mice. The effects of FYGL on muscle atrophy
in a genetically induced T2D mouse model was also
investigated. Eight-week old male db/db mice were orally
administrated FYGL or saline for 8 weeks. Male db/m mice
were used as the normal group (NC mice). Basic metabolic
data of db/db mice have been studied and published
previously29 as shown in Figure S8. In this study, the
quadriceps muscle of the mice was dissected, and the
quadriceps muscle sections were stained with H&E to show
the inhibitory effects of FYGL on muscle atrophy in db/db
mice. The CSA of the muscle fibers in db/db mice was reduced
by 42% (P < 0.001) compared with the NC group. The
observed decrease in the CSA of muscle fibers in db/db mice
(32%) was more remarkable than in the HFD/STZ rats (42%).
This reduction was reversed to normal levels by FYGL
treatment (Figure 3A,B). Quadriceps muscle sections were
immunohistochemically stained to show the expression of
MSTN. MSTN protein was up-regulated in db/db mice, but

this upregulation was inhibited by FYGL treatment (Figure
3C,D). These data suggest that FYGL mitigated muscle
atrophy in db/db mice, which is consistent with the observed
effects of FYGL in HFD/STZ rats. Interestingly, the protective
effects of Met against muscle atrophy in db/db mice were not
obvious, and FYGL exhibited better preventive function than
Met in db/db mice.
2.3. Transcriptomic Changes in Diet-Induced T2D

Rats and Genetically Induced T2D Mice after FYGL
Treatment. To better understand the role of FYGL in the
regulation of skeletal muscle in HFD/STZ rats and db/db
mice, changes in the gene expression profiles of skeletal muscle
upon FYGL treatment were analyzed. TA muscle (from rats)
and quadriceps muscle (from mice) were harvested for RNA-
seq analysis. In total, 782 transcripts were down-regulated and
711 transcripts were up-regulated in HFD/STZ rats treated
with FYGL compared with those treated with saline, as shown
in the volcano plots (Figure 4A). Among the up-regulated
genes, Cdkn1a, which is essential for cell cycle arrest and
beneficial for skeletal muscle differentiation and myogenesis,30

was significantly up-regulated by FYGL treatment. Among the
down-regulated genes, Id2 was reduced upon FYGL treatment

Figure 3. FYGL mitigated muscle atrophy in genetically induced T2D mice (db/db mice). (A) Paraffin sections of quadriceps muscle tissue were
stained with H&E and observed under a NanoZoomer 2.0-HT. Scale bar = 100 μm. (B) CSA of muscle fibers was measured via Image J software (n
= 6). (C) Quadriceps muscle tissue was immunohistochemically stained with antibodies against MSTN and observed using the NanoZoomer 2.0-
HT. Scale bar = 100 μm. (D) MSTN expression was quantified by IOD using Image J software (n = 6). All values are expressed as mean ± SEM.
###P < 0.001 vs NC. *P < 0.05, **P < 0.01, ***P < 0.001 vs db/db.
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in HFD/STZ rats. This gene is known to inhibit skeletal
muscle differentiation and cause muscle atrophy by blocking
the transcriptional activity of MyoD.31 The regulation of FYGL
on Cdkn1a and Id2 demonstrates the inhibitory effects of
FYGL on muscle atrophy in HFD/STZ rats, which is
consistent with the immunohistochemistry analysis results.
Bioinformatics analyses were conducted to determine the
implications of the observed gene expression alterations. Genes
associated with skeletal muscle development are displayed in
the heatmap by hierarchical clustering, as shown in Figure 4C.
FYGL reversed the changes in gene expression induced in
HFD/STZ rats.

KEGG enrichment analysis was performed to define
signaling pathways in HFD/STZ rats affected by FYGL,
which suggested that the genes involved in oxidative
phosphorylation and the PI3K-AKT signaling pathway were
differently expressed between saline- and FYGL-treated HFD/
STZ rats (Figure 4E). It has been reported that the PI3K-AKT
pathway facilitates protein synthesis and inhibits proteolysis,
thus inducing muscle growth.32,33 Our results indicated that
FYGL regulated the process of muscle growth and oxidative
phosphorylation in HFD/STZ rats.

FYGL down-regulated 332 genes and up-regulated 371
genes in db/db mice compared with db/db mice treated with
saline. It was noted that CDON and ppp1r3e were significantly

Figure 4. Transcriptomic changes in HFD/STZ rats and db/db mice after FYGL treatment. (A, B) Volcano plots displaying the DEGs in HFD/
STZ rats and db/db mice, respectively, following treatment with FYGL and compared to non-FYGL treatment. The blue and red dots represent the
down- and up-regulated genes, respectively. (C, D) Heatmaps of hierarchical clustering displaying DEGs associated with skeletal muscle
development in HFD/STZ rats and db/db mice following FYGL treatment, respectively. (E) Top pathways regulated by FYGL in HFD/STZ rats
according to KEGG enrichment. (F) Top pathways regulated by FYGL in db/db mice according to GO enrichment.
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up-regulated (Figure 4B). CDON (cell adhesion molecule-
related/down-regulated by oncogenes) is a positive regulator
of skeletal myogenesis.34 The protein encoded by ppp1r3e
plays a positive role in the regulation of glycogen biosynthetic
processes.35 The DEGs related to skeletal muscle development

are displayed in the heatmap by hierarchical clustering. These
data demonstrated that FYGL reversed the observed changes in
gene expression in db/db mice compared with NC mice
(Figure 4D). KEGG enrichment analysis suggested that genes
associated with oxidative phosphorylation were significantly

Figure 5. FYGL enhanced the proliferation of palmitate-induced C2C12 myoblasts. (A) Absorption of FYGL in C2C12 myotubes was observed
under a laser confocal microscope. Scale bar = 100 μm. (B) C2C12 myoblasts and fully differentiated myotubes were incubated with FYGL for 24
h, and the effect of FYGL on cell viability was measured by the cell counting kit-8 (CCK-8) assay (n = 6). (C) C2C12 myoblasts were treated with
200 μM palmitate and 200 μg/mL FYGL for 24 h. Cell proliferation was measured with the EdU assay. (D) Proliferation rate was calculated by the
ratio of the number of nuclei undergoing DNA replication to the total number of nuclei in the image using Image J software (n = 3). Data are
represented as mean ± SEM. #P < 0.05 vs control. *P < 0.05 vs PA.
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enriched (Figure S10). GO enrichment analysis showed that in
addition to oxidative phosphorylation, genes associated with
ATP metabolic processes, skeletal muscle tissue development,
and muscle hypertrophy were differently expressed between
saline- and FYGL-treated db/db mice (Figure 4F). It was noted
that the genes related to oxidative phosphorylation in both
HFD/STZ rats and db/db mice treated with FYGL were
expressed significantly differently from those without FYGL
treatment. Oxidative phosphorylation is closely associated with
ATP synthesis and oxidative metabolism.36 Therefore, the
regulation of oxidative metabolism is a potential mechanism
underlying the inhibitory effects of FYGL on muscle atrophy in
T2D.
2.4. FYGL Promoted Cell Proliferation in Palmitate-

Induced C2C12 Cells. A series of experiments were
conducted in palmitate-induced C2C12 cells to explore the
mechanisms underlying the inhibitory effects of FYGL on
muscle atrophy in T2D. First, to verify that FYGL is absorbed
by C2C12 cells, fully differentiated C2C12 myotubes were
incubated with 200 μg/mL fluorescein isothiocyanate-labeled
FYGL (FITC-FYGL) for 4 h. As shown in Figure 5A, green
FITC fluorescence was observed in C2C12 myotubes

incubated with FITC-FYGL, while no green fluorescence was
observed in myotubes without FYGL incubation. This
suggested that FYGL was effectively absorbed by C2C12
myotubes.
Then, the effect of FYGL on cell viability was evaluated

using the CCK-8 kit. Although a slight decrease in cell viability
was observed in undifferentiated C2C12 myoblasts incubated
with 250 and 500 μg/mL FYGL, the cell viability remained
above 80% (Figure 5B). In fully differentiated C2C12
myotubes, incubation with FYGL (0−500 μg/mL) did not
result in apparent cytotoxicity (Figure 5B). To investigate the
effect of FYGL on the proliferation of palmitate-induced
C2C12 cells, the EdU incorporation assay was performed.
Results showed that cell proliferation was significantly
inhibited after 24 h treatment with palmitate. In addition,
coincubation with FYGL partially increased the mitotic activity
of myoblasts, demonstrating that FYGL promoted cell
proliferation in palmitate-induced C2C12 myoblasts (Figure
5C,D). The promotion of cell proliferation enhanced the
efficacy of FYGL to induce skeletal myogenesis since myotubes
are formed by cell fusion.

Figure 6. FYGL stimulated myotube formation in palmitate-induced C2C12 cells. (A,B) show the myotube formation in C2C12 cells treated with
200 μM palmitate and 200 μg/mL FYGL for 24 h on day 3 and day 5 of cell differentiation, respectively. Scale bar = 100 μm. (C) Fusion index was
calculated using the ratio of the number of nuclei in C2C12 myotubes to the total number of nuclei in the image (n = 3). (D) On day 5 of cell
differentiation, C2C12 myotubes were treated with 200 μM palmitate plus 200 μg/mL FYGL for 24 h, and the protein level of atrogin 1 in C2C12
cells was measured using Western blotting (n = 3). Data are represented as mean ± SEM. ###P < 0.001 vs control. *P < 0.05, **P < 0.01, ***P <
0.001 vs PA.
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2.5. FYGL Ameliorated Muscle Atrophy in Palmitate-
Induced C2C12 Cells. To investigate the effect of FYGL on
muscle atrophy in palmitate-induced C2C12 cells, the
expression of the myogenic marker myosin heavy chain
(MyHC)37,38 was observed on day3 and day 5 of cell
differentiation by immunofluorescence staining. On day3,
approximately 50% of the C2C12 myoblasts had fused into
long and multinucleated fibers in the NC group (cells without
any treatment). However, palmitate treatment decreased
MyHC expression by 43% (P < 0.001) and reduced myotube

formation. However, FYGL treatment significantly minimized
the loss of MyHC expression and promoted myotube
formation (Figure 6A,C). On day five, almost all myoblasts
had fused into myotubes. Palmitate treatment decreased
MyHC expression by 17% (P < 0.001) and reduced myotube
formation (Figure 6B,C), whereas FYGL treatment increased
the expression of MyHC and stimulated myotube formation.
These data imply that FYGL efficiently promoted the
expression of the myogenic marker, thus protecting C2C12
cells from palmitate-induced muscle atrophy.

Figure 7. FYGL regulated the metabolic indicators in palmitate-induced C2C12 cells. (A) Effect of FYGL on glucose uptake levels in fully
differentiated C2C12 myotubes treated with 200 μM palmitate and 200 μg/mL FYGL for 24 h. (B) Effects of FYGL on AKT phosphorylation in
palmitate-induced C2C12 cells analyzed by Western blotting. (C−E) Effects of FYGL on TG, SOD, and ATP production in palmitate-induced
C2C12 cells. All values are expressed as mean ± SEM. #P < 0.05, ##P < 0.01, ###P < 0.001 vs control. *P < 0.05, **P < 0.01, ***P < 0.001 vs PA.
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To further verify the inhibitory effect of FYGL on muscle
atrophy in C2C12 cells, the expression of atrogin 1, a marker of
muscle atrophy, was detected by Western blotting. The
expression of atrogin 1 was increased in palmitate-induced
C2C12 cells, where FYGL reversed this change (Figure 6D).
This indicates that FYGL down-regulated the expression of
atrogin 1 in palmitate-induced C2C12 cells, which is consistent
with the findings in HFD/S TZ rats. Taken together, these

results suggest that FYGL ameliorated muscle atrophy in
palmitate-induced C2C12 cells.
2.6. FYGL Ameliorated Muscle Atrophy in T2D via the

AMPK/SIRT1 Pathway. To understand the underlying
mechanisms of FYGL amelioration of muscle atrophy in
palmitate-induced C2C12 cells, we measured indicators closely
related to glucose and lipid metabolism, energy metabolism,
and inflammatory responses such as glucose uptake,
triglyceride (TG), superoxide dismutase (SOD), and ATP.

Figure 8. FYGL ameliorated muscle atrophy in T2D via activation of the AMPK/SIRT1 signaling pathway. (A) AMPK phosphorylation in C2C12
myotubes treated with different concentrations of FYGL for 24 h. (B) AMPK phosphorylation in C2C12 myotubes treated with 200 μM palmitate
and 200 μg/mL FYGL for 24 h. (C) SIRT1 expression in C2C12 myotubes treated with 200 μM palmitate and 200 μg/mL FYGL for 24 h. (D)
AMPK phosphorylation in the TA muscle tissue from HFD/STZ rats. All values are expressed as mean ± SEM, n = 3. ###P < 0.001 vs control, *P <
0.05, **P < 0.01, ***P < 0.001 vs control, PA, or HFD/STZ.
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Glucose uptake was inhibited in palmitate-induced C2C12
cells, where FYGL (0−200 μg/mL) stimulated glucose uptake
in a concentration-dependent manner (Figure 7A). AKT, a
positive regulator in glucose uptake,39 is involved in the
phosphoinositide 3-kinase (PI3K)-AKT-mammalian target of
rapamycin (mTOR) pathway. This pathway stimulates protein
synthesis and inhibits protein degradation in the skeletal
muscle.32 Therefore, the effect of FYGL on AKT was
investigated. As shown in Figure 7B, palmitate suppressed
phosphorylation of AKT (Ser473) where FYGL significantly
enhanced the phosphorylation of AKT in palmitate-induced
C2C12 cells. Therefore, FYGL may ameliorate muscle atrophy
via the activation of AKT. A reduction in TGs was observed
after 24 h treatment with palmitate, which was reversed by
FYGL (100−200 μg/mL) (Figure 7C). SOD activity was
slightly reduced in palmitate-induced C2C12 cells and elevated
by the cotreatment of FYGL in a concentration-dependent
manner (Figure 7D). These results indicate that FYGL
promoted glucose uptake and reduced lipid accumulation in
palmitate-induced C2C12 cells and exerted anti-inflammatory
effects.
In addition, it was noted that palmitate treatment led to a

significant decrease in ATP production in C2C12 cells,
whereas FYGL stimulated ATP production in a concen-
tration-dependent manner (Figure 7E). The ATP level in cells
incubated with FYGL (200 μg/mL) increased by 155% (P <
0.001) compared with the NC group. This result was
consistent with the transcriptome analysis finding that db/db
mice treated with FYGL exhibited differential expression of
genes implicated in ATP metabolic processes and oxidative
phosphorylation compared with mice not receiving FYGL
treatment (Figure 4F).
The RNA-seq analysis and ATP measurement results

showed that FYGL significantly affected energy metabolism
in the skeletal muscle. AMPK is a master regulator of
mitochondrial biogenesis and energy metabolism.9 As shown
in Figure 8A, when fully differentiated C2C12 myotubes were
incubated with different concentrations of FYGL for 24 h, the
phosphorylation of AMPK increased in a dose-dependent
manner. Notably, FYGL (200 μg/mL) promoted the
phosphorylation of AMPK by 96% (P < 0.001) compared
with the NC group. Increased phosphorylation of AMPK was
also observed in palmitate-induced C2C12 myotubes (Figure
8B). Phosphorylated AMPK (Thr172) subsequently activated
its downstream protein SIRT1 (Figure 8C), which suppressed
the overexpression of atrogin 1 (Figure 6D) and prevented
muscle atrophy in palmitate-induced C2C12 myotubes. Our
data showed that palmitate treatment has no effect on SIRT1
expression compared to the NC group. The reason may be that
the effect of palmitate on SIRT1 expression is related to the
treatment time and concentration of palmitate. It is reported
that 12-hour treatment of palmitate (500 μM) showed no
effect on SIRT1 expression.40 Moreover, the activation of
AMPK was also observed in HFD/STZ rats treated with FYGL
or Met compared with those treated with saline (Figure 8D).
These results suggest that FYGL may ameliorate muscle
atrophy in T2D via activation of the AMPK/SIRT1 signaling
pathway.

3. DISCUSSION
Emerging evidence has shown that muscle atrophy is a
comorbidity of T2D, resulting in physical disability and
reduced quality of life.3,41 However, current treatments for

diabetes-induced muscle atrophy are limited and result in
unwanted side effects. Yang et al. demonstrated that FYGL
effectively alleviated skeletal muscle insulin resistance in T2D
mice.19 Teng et al. proved that in mice, FYGL was absorbed
through the small intestine and remained in the body for 6 h,
providing the necessary conditions for FYGL treatment
efficacy.42 The median lethal dose (LD50) of FYGL in mice
is 6 g/kg, indicating that FYGL has a high level of safety.16 In
this work, FYGL was demonstrated capable of ameliorating
T2D-induced muscle atrophy both in vitro and in vivo through
promoting oxidative metabolism and activating the AMPK/
SIRT1 pathway, with few side effects. These data suggest there
may be therapeutic benefits of FYGL treatment in improving
muscle dysfunction in T2D.
In the current study, several pieces of evidence have

demonstrated the inhibitory effects of FYGL on diabetes
induced muscle atrophy. Histopathological analysis showed
that oral administration of FYGL increased the muscle fiber
CSA (Figures 2B and 3B) and inhibited the overexpression of
myostatin (Figures 2D and 3D), a negative regulator of muscle
mass, in both diet-induced T2D rats (HFD/STZ rats) and
genetically induced T2D mice (db/db mice). These results are
consistent with reports of other natural compounds, such as
resveratrol derived from whole grains,43 quercetin,44 and
ghrelin,45 which have been shown to contribute to the
enhancement of muscle mass in mouse models. Besides, it
was found that FYGL significantly suppressed the expression of
atrogin 1, a marker of muscle atrophy,4 in HFD/STZ rats
(Figure 2E). It has been reported that suppressing the
overexpression of atrogin 1 in the skeletal muscle could
prevent dexamethasone-induced muscle atrophy.12 RNA-seq
analysis results showed that FYGL also up-regulated myogenic
genes and down-regulated muscle atrophic genes in both
HFD/STZ rats (Figure 4A) and db/db mice (Figure 4B).
These results demonstrate that FYGL is capable of
ameliorating muscle atrophy in different models of T2D.
Promisingly, rats and mice treated with FYGL did not exhibit
adverse reactions. This could be attributed to the fact that
FYGL is a proteoglycan, which typically exhibits lower toxicity
compared to small-molecule drugs.
Our data indicate that FYGL affected the expression of genes

related to oxidative phosphorylation in the skeletal muscle of
both diet-induced T2D rats and genetically induced T2D mice
(Figure 4E,F). Oxidative phosphorylation is closely associated
with ATP synthesis and mitochondrial biogenesis.36 Research
has shown that some therapeutic agents for muscle atrophy
exhibit beneficial effects on muscle mass by improving
mitochondrial function in the skeletal muscle.10,46,47 For
example, atomoxetine ameliorated dexamethasone-induced
atrophy by promoting mitochondrial biogenesis.48 Therefore,
promoting mitochondrial biogenesis and oxidative metabolism
may be a potential mechanism underlying the inhibitory effects
of FYGL on T2D-induced muscle atrophy in T2D. Palmitate-
induced C2C12 cells were used to validate this hypothesis. Our
data showed that FYGL stimulated ATP production and
activated AMPK in a concentration-dependent manner in
palmitate-induced C2C12 cells (Figures 7E and 8A). AMPK is
highly involved in the regulation of energy balance and
mitochondrial biogenesis. It is reported that AMPK activates
SIRT1 and suppresses the expression of atrogin 1, thus
reducing the degradation of muscle proteins and preventing
muscle loss.11,49 In our study, we observed that treatment of
FYGL promoted the phosphorylation and subsequently
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activated downstream protein SIRT1 in palmitate-induced
C2C12 cells (Figure 8C). Besides, the elevated phosphor-
ylation of AMPK was also observed in HFD/STZ rats treated
with FYGL (Figure 8D). Taken together, these data suggest
that FYGL may prevent T2D-related muscle atrophy by
promoting oxidative metabolism and activating the AMPK/
SIRT1 signaling pathway.
AMPK is comprised of a catalytic α subunit and regulatory β

and γ subunits.50 The activation of AMPK requires the binding
of AMPK activators to the CBM-KD (carbohydrate binding
module-kinase domain) interface formed by the kinase domain
of the α subunit and the carbohydrate binding module of the β
subunits.51,52 A769662 was the first reported AMPK
activator53 and was shown to bind to the CBM-KD interface
via hydrogen bonds formed by the interaction between the
hydroxyl of A769662 and the CBM-KD interface.54 Research
has shown that many reported AMPK activators such as
astaxanthin,55 quercetin,56 and canagliflozin57 contain hydroxyl
groups, indicating that hydroxyl groups are beneficial to their
binding to the CBM-KD interface. Moreover, it has been
reported that the CBM motif tends to bind carbohydrates, for
example, polysaccharides.58 Therefore, the function of FYGL in
activating AMPK may be attributed to its abundant hydroxyl
groups in the polysaccharide moieties.16

The PI3K-AKT−mTOR pathway also plays an important
role in regulating skeletal muscle growth, and activation of
PI3K/AKT signaling can stimulate protein synthesis and
inhibit protein degradation.59 Our data also showed that FYGL
affected the expression of genes associated with the PI3K/AKT
signaling pathway in HFD/STZ rats (Figure 4E). FYGL also
activated AKT in palmitate-induced C2C12 cells (Figure 7B),
indicating that the protective effect of FYGL on T2D related
muscle atrophy is closely linked to the PI3K/AKT signaling
pathway. Additionally, inflammation initiated by prolonged
overnutrition in diabetics promotes muscle atrophy, and NF-
κB is crucial to the regulation of inflammatory responses. The
increase in SOD activity (Figure 7B) in palmitate-induced
C2C12 cells by FYGL treatment suggests that FYGL exerts
anti-inflammatory effects, and NF-κB may also be involved in
the mechanism behind the effects of FYGL on muscle atrophy.
Furthermore, in addition to stimulating protein synthesis and
reducing protein degradation to expand the size of muscle
fibers,60 muscle mass can also be increased by promoting the
proliferation of muscle cells to increase the number of muscle
fibers since they are formed by muscle cell fusion.3,37 Our data
showed that FYGL slightly promoted proliferation and
myotube formation in palmitate-induced C2C12 cells (Figure
5D).
The present study indicates that FYGL may ameliorate T2D-

induced muscle atrophy mainly in two potential ways. FYGL
promoted muscle cell proliferation to increase the number of
muscle fibers. FYGL also activated the AMPK/SIRT1 and
PI3K/AKT signaling pathways to increase protein synthesis
and inhibit protein degradation, thus expanding the size of pre-
existing muscle fibers. Further work needs to be undertaken to
confirm the biological effects of FYGL in the human skeletal
muscle.

4. CONCLUSIONS
FYGL is a proteoglycan that was first extracted from
Ganoderma lucidum by our group. In the present study, the
inhibitory effects of FYGL on muscle atrophy in T2D were
identified in diet-induced T2D rats and genetically induced

T2D mice. Promisingly, mice and rats treated with FYGL did
not exhibit any adverse reactions. The underlying molecular
mechanisms studied in palmitate-induced C2C12 muscle cells
revealed that FYGL ameliorated T2D-related muscle atrophy
by significantly activating AMPK and its downstream protein
SIRT1, thus promoting oxidative metabolism. The function of
FYGL in activating AMPK may be attributed to the abundant
hydroxyl groups in FYGL, which enables FYGL to bind AMPK
via hydrogen bonding. Taken together, these results suggest
that FYGL is a promising functional food ingredient for
ameliorating T2D-induced muscle atrophy, with few side
effects. Further work will be conducted to confirm the safety
and biological effects of FYGL in clinical phase I and II studies.

5. MATERIALS AND METHODS
5.1. Reagents. Fruiting bodies of Ganoderma lucidum

grown in Northeast China were purchased from Leiyunshang
Pharmaceutical Co., Ltd. (Shanghai, China). STZ was
purchased from Yeasen Biotechnology Co., Ltd. (Shanghai,
China).
5.2. FYGL Preparation. The fruiting bodies of Ganoderma

lucidum were dried, milled, and defatted with boiling ethanol
(95%) for 30 min. Then, the ethanol insoluble residues were
dried and decocted with boiling water for 2 h, and the solid
residue was extracted with ammonia solution at room
temperature for 24 h. The alkali extract was neutralized,
concentrated, dialyzed, lyophilized, and further purified via
Sephadex G-75 column chromatography using 0.5 M NaCl
solution as the eluent. The phenol−sulfuric acid method was
used to characterize the elutes with ultraviolet (UV)
absorption at a wavelength of 490 nm, and FYGL was obtained
by lyophilization for the following experiments. The content of
FYGL in Ganoderma lucidum is about 1%.61

5.3. Animal Models. To investigate the effects of FYGL on
skeletal muscle atrophy in diabetic animals, two different
models of T2D were established. All animal trials were
performed according to protocols approved by the Institutional
Animal Care and Use Committee of Fudan University.
For the diet-induced T2D model, 4-week old male SD rats

were purchased from Shanghai Slake Experimental Animal Co.,
Ltd. (Shanghai, China). After acclimatization for1 week, rats
were randomly divided into the normal group and the model
group. Rats of the normal group (NC, n = 14) were fed a
normal diet. Rats of the model group were fed a HFD
consisting of 10% fat, 2% cholesterol, and 1% bile salt for 4
weeks. Then, the rats that were fed HFD were given a single
injection of STZ (40 mg/kg in 0.1 M citric acid/sodium citrate
buffer, pH = 4.3). After 1 week, the fasting blood glucose
(FBG) levels were examined by the blood glucose test strip,
and rats with FBG levels <11 mmol/L were treated again with
STZ. Finally, rats with FBG levels >11.0 mmol/L were
considered diabetic. The HFD/STZ-induced rats were
randomly divided into three groups (n = 14 per group):
HFD/STZ group (saline), HFD/STZ plus Met group (200
mg/kg/day), and HFD/STZ plus FYGL group (300 mg/kg/
day). Met was used as a positive control. Rats were orally
administrated FYGL, Met, or saline for 4 weeks. The body
weight of rats was recorded weekly.
For the genetically induced T2D model, 4-week old male

BKS-db/db mice and heterozygous male db/m mice were
purchased from GemPharmatech Co., Ltd. (Nanjing, China).
At 8 weeks of age, hyperglycemia was noted in db/db mice.
Then, db/db mice were randomly divided into three groups (n
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= 12 per group): db/db group (saline), db/db plus Met group
(225 mg/kg/day), and db/db plus FYGL group (450 mg/kg/
day). Male db/db mice were orally administrated FYGL, Met,
or saline for 8 weeks. Male db/m mice were used as the normal
group (NC, n = 12). The body weight of mice was recorded
weekly.
5.4. Histological Staining and Immunohistochemistry

of the Skeletal Muscle. The TA muscle was harvested from
the rats, and the quadriceps muscle was harvested from the
mice. Then, the tissues were embedded in paraffin and
sectioned at a 5 μm thickness. Muscle sections were stained
with H&E and observed using a NanoZoomer 2.0-HT
(Hammatsu, Japan). The CSA of the muscle fibers was
measured via Image J software.
Muscle sections were immunohistochemically stained to

analyze the expression of MSTN. The slides were then
dewaxed, and the antigens were retrieved in citrate buffer for
20 min. Endogenous peroxidase activity was blocked, and the
slides were incubated with phosphate-buffered saline (PBS)
containing 5% bovine serum albumin (BSA; Yeasen Bio-
technology, Shanghai, China). Then, the skeletal muscle
samples were stained with primary antibodies against MSTN
(Abcam, Cambridge, MA, USA) at 4 °C overnight, followed by
incubation with a biotin-labeled secondary antibody. Strepta-
vidin-peroxidase reagent 3,3-diaminobenzidine was used as the
chromogen. Finally, the muscle sections were counterstained
with hematoxylin and observed on a NanoZoomer 2.0-HT.
The expression of MSTN was quantified by integrated optical
density (IOD) using Image J software.
5.5. RNA Sequencing and Bioinformatics Analysis.

Total RNA was extracted from fresh-frozen TA muscle (from
rats) and quadriceps muscle (from mice). Libraries of the
extracted RNA were prepared using the NEBNext UltraTM
RNA Library Prep Kit for Illumina (NEB, USA) following the
manufacturer’s instructions. Sequencing was done on an
Illumina Novaseq platform. Reads were aligned to the
reference genome using Hisat2 v2.0.5 and were counted with
FeatureCounts v1.5.0-p3. Differential expression analysis was
performed with the DESeq2 R package (1.16.1). Genes with
an adjusted P value <0.05 and |log2 (FoldChange)| > 0 were
regarded as DEGs. GO (gene ontology) enrichment analysis
and KEGG (Kyoto Encyclopaedia of Genes and Genomes)
enrichment analysis of DEGs were performed using the
ClusterProfiler R package to investigate the effect of FYGL
on gene pathways in skeletal muscle from diabetic mice and
rats. The RNA-seq data of the rats and mice were deposited in
the NCBI Sequence Read Archive (SRA BioProject ID
PRJNA937630 and PRJNA937470, respectively).
5.6. Cell Culture. Mouse myoblast C2C12 cells were

obtained from Procell (Wuhan, China) and cultured in
DMEM (Gibco, Thermo Fisher Scientific, Waltham, MA,
USA) supplemented with 10% fetal bovine serum (Gibco) and
1% penicillin−streptomycin (Gibco). Cells were grown at 37
°C in an incubator with 5% CO2. When C2C12 cells reached
approximately 80% confluence, they were incubated in DMEM
with 2% horse serum for 5 days to induce cell differentiation.
5.7. Detection of FYGL Absorption in Cells. To detect

the absorption of FYGL in cells, FITC-labeled FYGL was
prepared. FITC (Yeasen Biotechnology) was dissolved in
DMSO, and water-soluble FYGL was dissolved in Na2CO3/
NaHCO3 buffer. FITC (1 mg/mL) was added into the FYGL
solution (1 mg/mL) to form FITC-FYGL, and the mixture was
incubated in the dark at 4 °C for 12 h. Extensive dialysis of the

mixture was performed using 1 L of PBS in the dark until the
unreacted FITC was removed. Finally, FITC-FYGL was
obtained. The ultraviolet (UV) spectra of FITC, FYGL, and
FITC-FYGL are shown in Figure S9. FITC has a maximum UV
absorption at 495 nm, while FYGL is a proteoglycan and has a
maximum UV absorption at 280 nm. It can be estimated that
the ratio of FYGL and FITC in FITC-FYGL is 100:117
according to the following equation:62

F
P

A A A3.1 /( 0.31 )495 280 495= × ×
(1)

where F and P represent FITC and protein, and A denotes the
absorbance. C2C12 myoblasts were seeded at a density of 2 ×
105 cells/well in six-well plates, and fully differentiated
myotubes were incubated with 100 μg/mL FITC-FYGL for 4
h. DAPI (Beyotime, Shanghai, China) and rhodamine
phalloidin were used for nuclear and cytoskeleton staining,
respectively. The absorption of FITC-FYGL in C2C12
myotubes was observed under a laser confocal microscope
(C2+; Nikon, Tokyo, Japan).
5.8. Cell Viability Assay. Cell counting kit-8 (CCK-8;

Beyotime) was used to evaluate the effect of FYGL on cell
viability. C2C12 myoblasts were seeded at a density of 1 × 104
cells/well in 96-well plates and maintained for 24 h. Cells were
then treated with different concentrations (0, 50, 100, 250, and
500 μg/mL) of FYGL for 24 h. Cell viability was determined
by incubating the myoblasts with DMEM containing the CCK-
8 assay reagent for 4 h. Absorbance of the formed formazan at
450 nm was measured using a microplate reader (Cytation3;
Bio Tek, Winooski, VT, USA). To investigate the effect of
FYGL on the viability of C2C12 myotubes, the cells were
seeded at a density of 2 × 105 cells/well in six-well plates and
induced to fully differentiate for 5 days. Then, the cells were
treated with different concentrations (0, 50, 100, 250, and 500
μg/mL) of FYGL for 24 h. After treatment, cell viability was
measured using CCK-8 as described above.
5.9. Cell Proliferation Assay. EdU assay (Ribobio,

Guangzhou, China) was used to evaluate the effect of FYGL
on palmitate-induced C2C12 myoblast proliferation. Sodium
palmitate (Sigma, St Louis, MO, USA) was conjugated to 2%
BSA (fatty acid free; Yeasen Biotechnology, Shanghai, China)
dissolved in DMEM, and 200 μM palmitate was prepared. BSA
(2%) was used as the control. C2C12 myoblasts were seeded
at a density of 5000 cells/well in 48-well plates and maintained
for 24 h. Then, the cells were treated with 200 μM palmitate
and 200 μg/mL FYGL for 24 h. After incubation with 50 μM
EdU for 2 h, cells were stained for EDU according to the
manufacturer’s protocol. Images were captured using a laser
confocal microscope (Nikon). Proliferation rate was calculated
as the ratio of the number of nuclei undergoing DNA
replication to the total number of nuclei in the image.
5.10. Immunofluorescence Staining. C2C12 myoblasts

were seeded at a density of 2 × 105 cells/well in six-well plates.
On the third and fifth day of cell differentiation, cells were
treated with 200 μM palmitate and 200 μg/mL FYGL for 24 h.
BSA (2%) was used as the control. After treatment, cells were
fixed with 4% paraformaldehyde for 10 min and permeabilized
with 0.2% Triton X-100 in PBS for 5 min. After blocking with
5% BSA for 30 min, C2C12 cells were incubated with the
MyHC antibody (1:100; Santa Cruz Biotechnology, Santa
Cruz, CA, USA) for 1 h and then subsequently incubated with
the Alexa Fluor 488 (1:500; Beyotime) secondary antibody for
1 h. DAPI (Beyotime; 5 mg/mL) was used for nuclear staining.
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Images were captured via a laser confocal microscope (Nikon).
The fusion index was calculated as the ratio of the number of
nuclei in the C2C12 myotubes to the total number of nuclei in
the image.
5.11. Measurement of Glucose Uptake, TG, SOD, and

ATP. C2C12 myoblasts were induced to full differentiation for
5 days. Then, cells were treated with 200 μM palmitate and
200 μg/mL FYGL for 24 h. After treatment, glucose uptake
levels, TG content, and SOD in cells were measured using a
glucose kit (Nanjing Jiancheng Bioengineering Institute,
Nanjing, China), TGs assay kit (Nanjing Jiancheng Bioengin-
eering Institute), and a total SOD assay kit with WST-8
(Beyotime), respectively, following the manufacturer’s direc-
tions. Before glucose uptake measurement, cells were
stimulated with 100 nM insulin for 10 min.
ATP content was measured using an ATP assay kit

(Beyotime). C2C12 cells were seeded at a density of 2 ×
105 cells/well in six-well plates and induced to differentiate for
5 days. Fully differentiated C2C12 myotubes were treated with
200 μM palmitate and 200 μg/mL FYGL for 24 h. After
treatment, cells were lysed, and the whole cell lysates were
centrifuged at 12,000 × g for 5 min at 4 °C. The supernatants
were collected and mixed with ATP detection working solution
containing luciferase. Luciferase intensity was detected using a
multifunctional microplate reader (Bio Tek). ATP content was
normalized to the protein concentration of cells in each well.
5.12. Western Blotting. Muscle tissue was homogenized

in lysis buffer (RIPA, Beyotime) containing protease and
phosphatase inhibitor cocktail (Beyotime). For in vitro
experiments, C2C12 cells were seeded at a density of 2 ×
105 cells/well in six-well plates and differentiated for 5 days.
After treatment with palmitate and FYGL, cells were lysed in
lysis buffer. Muscle homogenates and whole cell lysates were
centrifuged at 12,000 × g for 10 min at 4 °C to remove
insoluble materials. The supernatants were collected, and the
total protein concentration was determined using the BCA
protein assay kit (Beyotime). Equal amounts (20−50 μg) of
protein were subjected to 10% SDS-PAGE and transferred to
PVDF membranes (Beyotime). The membranes were blocked
with 5% BSA for 1 h, stained with primary antibodies at 4 °C
overnight, and then with horseradish peroxidase-conjugated
secondary antibodies (Beyotime). The immune complexes
were tested using the BeyoECL Star kit (Beyotime), and the
band density was quantified via Image J software. Anti-AKT
(1:1000), anti-phospho-AKT (Ser473; 1:2000), anti-AMPK
(1:1000), and anti-p-AMPK (Thr172; 1:1000) were supplied
by Cell Signaling Technology (Danvers, MA, USA). Anti-
SIRT1 (1:1000) and anti-atrogin1(1:1000) were purchased
from Abcam (Cambridge, MA, USA). Anti-β-Actin (1:4000)
was obtained from Yeasen Biotechnology Co., Ltd. (Shanghai,
China).
5.13. Statistical Analysis. All experiments were performed

in triplicate at a minimum. Statistical analyses were conducted
using SPSS 19.0 (SPSS, Inc., Chicago, IL, USA) using one-way
ANOVA and Tukey’s post hoc test. All data are presented as
mean ± SEM. Differences at P < 0.05 was considered
statistically significant.
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