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Abstract. Skeletal muscle atrophy is a common feature of 
patients suffering with chronic infection and other systemic 
diseases, including acquired immunodeficiency syndrome, 
chronic kidney disease and cancer. Therefore, understanding 
the molecular basis of muscle loss is of importance. The 
majority of members of the forkhead box O (FoxO) family can 
induce skeletal muscle atrophy; however, the effect of FoxO6 
on skeletal muscle is not completely understood. The present 
study investigated the role of FoxO6 in  vitro and in  vivo. 
Compared with the small interfering RNA (si)‑negative 
control (NC) group, C2C12 cell proliferation (Cell Counting 
Kit‑8 assay), myotube differentiation and myotube production 
were significantly decreased by FoxO6 knockdown, which was 
different from the known functions of other FoxO members. 
The immunofluorescence assay results demonstrated that 
si‑FoxO6 clearly downregulated the expression levels of myosin 
heavy chain (MyHC) in C2C12 myotubes compared with si‑NC. 

The western blotting results indicated that compared with 
the si‑NC group, FoxO6 knockdown induced C2C12 myotube 
atrophy by notably downregulating myoblast determination 
protein 1 (MyoD), mTOR and MyHC expression levels, and by 
markedly upregulating ubiquitin ligase (atrogin1) and muscle 
RING‑finger protein‑1 (MURF1) expression levels. Similarly, 
in an in  vitro model of TNF‑α‑induced myotube atrophy, 
the western blotting results indicated that FoxO6 expression 
levels were decreased, whereas atrogin1, MURF1, FoxO1 and 
FoxO3a expression levels were increased compared with the 
control group. Therefore, the results indicated that, unlike 
FoxO1 or FoxO3a, FoxO6 maintained C2C12 myotubes and 
protected against atrophy. Consistent with the in vitro data, 
similar results were observed in vivo. Collectively, the results 
of the present study suggested that FoxO6 served a critical role 
in muscle cell metabolism in vitro and in vivo, and might serve 
as a promising therapeutic target for ameliorating skeletal 
muscle atrophy.

Introduction

Skeletal muscle atrophy is a debilitating response to chronic 
infection and other systemic diseases, including acquired 
immunodeficiency syndrome, tuberculosis, cancer, chronic 
obstructive pulmonary disease and chronic kidney disease (1). 
Skeletal muscle atrophy is characterized by muscle wasting 
and partial or complete loss of muscle function, which 
becomes more pronounced as the disease progresses (1‑3). 
Several categories of drugs, including statins, antiviral thera‑
pies and immunosuppressants (e.g., glucocorticoids), cause 
muscle atrophy (4,5). Skeletal muscle atrophy severely affects 
quality of life, and current therapies display limited effects (6). 
Therefore, investigating the pathogenic mechanism underlying 
muscle atrophy and identifying effective therapeutic targets is 
of significant importance.

Jagoe et al (7,8) confirmed that under atrophic conditions, 
protein degradation rates in muscles were increased primarily 
via activation of the atrophy program. Muscle‑specific 
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expression of atrogin1 and muscle RING‑finger protein‑1 
(MURF1) is dramatically induced during atrophy  (9,10). 
Additionally, the levels of several proteins are often mark‑
edly decreased in atrophying muscles, including myoblast 
determination protein 1 (MyoD), myosin heavy chain (MyHC) 
and mTOR, which have been reported to serve critical roles in 
muscle metabolism and are used as biomarkers (11‑13).

Forkhead box O (FoxO) genes belong to the forkhead box 
gene family of transcription factors that contain the forkhead 
domain (14). In mammals, four FoxO genes have been identi‑
fied: FoxO1, FoxO3a, FoxO4 and FoxO6 (15‑17). Previous 
studies have demonstrated that FoxO genes are associated 
with cellular processes, including metabolism, the cell cycle, 
apoptosis and cellular homeostasis, and mediate cell responses 
to oxidative stress and antitumor drug treatment (14‑18). The 
roles of other members of the FoxO family, including FoxO1, 
FoxO3 and FoxO4, in the regulation of skeletal muscle mass 
have been demonstrated in several studies  (19,20). FoxO1 
or FoxO3a overexpression in muscle is sufficient to induce 
skeletal muscle atrophy in vivo (21‑24). Moreover, FoxO4 is 
necessary for TNF‑induced atrogin1 expression (25).

FoxO6 is the most recently identified FoxO‑encoding 
gene (17). In mammals, FoxO6 was initially observed in the 
central nervous system and was then reported to be ubiqui‑
tously expressed in various tissues, with higher expression 
levels in tissues undergoing oxidative stress (17). In the hippo‑
campus, FoxO6 is negatively regulated by insulin/insulin 
like growth factor 1 signaling via the PI3K/AKT signaling 
pathway (26,27). Additionally, in muscles undergoing oxida‑
tive stress, FoxO6 can form a regulatory loop with peroxisome 
proliferator‑activated receptor γ coactivator 1‑α (PGC‑1α) 
to establish the level of oxidative metabolism (28). In 2018, 
Sun et al  (29) reported that FoxO6 controls the growth of 
the craniofacial complex via the Hippo signaling pathway. 
However, the effects of FoxO6 on skeletal muscle atrophy are 
not completely understood.

The present study investigated the role of FoxO6 in main‑
taining the proliferation and differentiation of skeletal muscle, 
as well as the underlying mechanism, in vitro and in vivo.

Materials and methods

Reagents and antibodies. The primary antibodies targeted 
against mTOR (cat. no. 2983) and β‑actin (cat. no. 4970) were 
purchased from Cell Signaling Technology, Inc. The primary 
antibodies targeted against FoxO6 (cat.  no.  19122‑1‑AP) 
and MURF1 (cat.  no.  55456‑1‑AP) were purchased from 
ProteinTech Group, Inc. The primary antibodies targeted 
against atrogin1 (cat. no. ab168372), MyoD (cat. no. ab203383), 
FoxO3a (cat.  no.  ab70315), FoxO1 (cat.  no.  ab52857) and 
MyHC (cat.  no.  ab11083) were purchased from Abcam. 
Anti‑mouse (cat.  no.  7076) and anti‑rabbit (cat.  no.  7074) 
IgG HRP‑conjugated antibodies were purchased from Cell 
Signaling Technology, Inc. TNF‑α (cat. no. AF‑315‑01A) was 
acquired from PeproTech EC Ltd. Phalloidin (cat. no. P5282) 
was purchased from Sigma‑Aldrich (Merck KGaA). Goat 
anti‑mouse IgG (H+L) Cross‑Adsorbed secondary antibody, 
Alexa Fluor (488; cat. no. A11001) were purchased from Thermo 
Fisher Scientific, Inc. Cell Counting Kit‑8 (cat. no. CK04) and 
DAPI (cat. no. D212) were purchased from Dojindo Molecular 

Technologies, Inc. Horse serum (cat. no. BL209A; Beijing 
Lanjieke Technology Co., Ltd.). Control small interfering RNA 
[si; si‑negative control (NC)] and FoxO6‑specific siRNAs were 
purchased from Beijing Viewsolid Biotech Co., Ltd. GenMute 
siRNA transfection reagent (cat. no. SL100568) was from 
SignaGen Laboratories.

Cell line and culture. The murine myoblast cell line C2C12 (The 
Cell Bank of Type Culture Collection of Chinese Academy 
of Sciences) was used within the first 10 passages. Cells were 
cultured in DMEM (Gibco; Thermo Fisher Scientific, Inc.) 
supplemented with 10% FBS (Biowest), 100 U/ml penicillin 
and 100 uU/ml streptomycin in a humidified atmosphere with 
5% CO2 at 37˚C. To obtain C2C12 myotubes, C2C12 cells were 
differentiated in DMEM/2% horse serum for 10 days in a 
humidified atmosphere with 5% CO2 at 37˚C, changing the 
medium every 2 days. The mouse hepatocyte cell line AML12 
was purchased from The Cell Bank of Type Culture Collection 
of Chinese Academy of Sciences and cultured in DMEM 
supplemented with 10% FBS, 40  ng/ml dexamethasone 
(cat. no. BS134A; Biosharp Life Sciences), and 1% insulin, 
transferrin and selenium (Invitrogen; Thermo Fisher Scientific, 
Inc.) in a humidified atmosphere with 5% CO2 at 37˚C. For the 
muscle atrophy model in vitro, C2C12 myotubes were treated 
with TNF‑α (50 ng/ml) for 6 h with 5% CO2 at 37˚C.

Cell proliferation assay. Relative cell proliferation of 
si‑FoxO6‑treated C2C12 cells was determined using the CCK‑8 
kit. Cells were seeded (3x103/well) into 96‑well plates and 
transfection with si‑NC (50 nM) or si‑FoxO6‑3 (50 nM) was 
performed for 24, 48, 72, 96 or 120 h at room temperature 
using GenMute siRNA transfection reagent according to 
the manufacturer's protocol. Following removal of the culture 
medium, 100  µl medium and 10  µl CCK‑8 reagent were 
added to each well and incubated for 3 h at 37˚C in the dark. 
Absorbance was measured at a wavelength of 450 nm using a 
microplate reader (Thermo Fisher Scientific, Inc.). The assay 
was performed in triplicate.

Western blotting. Mouse muscle tissues were ground in 
liquid nitrogen. Total protein was extracted from tissues and 
cells using M‑PER Mammalian Protein Extraction Reagent 
(cat. no. 78503; Pierce; Thermo Fisher Scientific, Inc.). For 
mouse muscle tissues, 1% SDS lysis reagent (cat. P0013G; 
Beyotime Institute of Biotechnology) was also used for protein 
extraction. Protein concentrations of cell and tissue lysates were 
quantified using a Qubit Protein Assay kit (cat. no. 2157145; 
Invitrogen; Thermo Fisher Scientific, Inc.) and a Qubit 2.0 
fluorometer (Thermo Fisher Scientific, Inc.) according to the 
manufacturer's instructions. Equal amounts of protein (30 µg) 
were separated via 8 or 10% SDS‑PAGE and transferred to 
PVDF membranes (EMD Millipore). Following blocking 
5% skimmed milk at  37˚C for 2  h, the membranes were 
incubated overnight at 4˚C with the following primary anti‑
bodies: Anti‑MyoD (1:800), anti‑β‑actin (1:1,000), anti‑MyHC 
(1:1,000), anti‑mTOR (1:2,000), anti‑FoxO6 (1:1,000), 
anti‑FoxO3a (1:2,000), anti‑FoxO1 (1:1,000), anti‑MURF1 
(1:1,000) and anti‑atrogin1 (1:2,000). After washing in 
TBST (1% Tween‑20), the membranes were incubated with 
secondary antibodies (1:2,000) at 37˚C for 2 h. Protein bands 
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were visualized using enhanced chemiluminescence reagents 
(Amersham; Cytiva). β‑actin was used as the loading control.

FoxO6 knockdown. C2C12 cells were plated at a density 
of 1.5x105/well and grown overnight. Subsequently, cells 
were transfected with 50  nM si‑FOXO6‑1, si‑FOXO6‑2, 
si‑FOXO6‑3 or si‑NC using GenMute transfection reagent 
(cat. no. SL100568) at room temperature according to the 
manufacturer's protocol. At 48 h post‑transfection, cells were 
lysed using TRIzol® reagent for RNA extraction (Invitrogen; 
Thermo Fisher Scientific, Inc.) and M‑PER Mammalian 
Protein Extraction Reagent (cat. no. 78503; Pierce; Thermo 
Fisher Scientific, Inc.) for protein extraction. Subsequently, 
transfection efficiency was assessed via reverse transcrip‑
tion‑quantitative PCR (RT‑qPCR) and western blotting. 
siRNA oligomers were designed and synthesized by Beijing 
Viewsolid Biotech Co., Ltd (China), as follows: si‑FoxO6‑1 
forward, 5'‑GGU​CGG​ACC​CUU​GCG​GAA​ATT​dTd​T‑3' 
and reverse, 3'‑dTd​TUU​UCC​GCA​AGG​GUC​CGA​CCT​T‑5'; 
si‑FoxO6‑2 forward, 5'‑GGC​ACU​GGC​AAG​AGU​UCA​UTT​
dTd​T‑3' and reverse, 3'‑dTd​TAU​GAA​CUC​UUG​CCA​GUG​
CCT​T‑5'; and si‑FoxO6‑3 forward, 5'CCA​UCA​UCC​UCA​ACG​
ACU​UTT​dTd​T‑3' and reverse, 3'‑dTd​TAA​GUC​GUU​GAG​
GAU​GAU​GGT​T‑5'. The scrambled NC siRNA (si‑NC) was 
purchased from Beijing Viewsolid Biotech Co., Ltd.

RT‑qPCR. Total RNA from cells and tissues was extracted 
using TRIzol. RT‑qPCR was performed according to the 
manufacturer's protocol. Briefly, total RNA was reverse 
transcribed into cDNA using PrimeScript™ RT Master Mix 
(Perfect Real Time; cat.  no.  RR036A; Takara Bio, Inc.). 
Subsequently, qPCR was performed using SYBR Premix Ex 
Taq II (cat. no. RR820A; Takara Bio, Inc.) and a CFX Connect 
instrument (Bio‑Rad Laboratories, Inc.). The following 
primers were used for qPCR: Mouse FoxO6 forward, 5'‑CAG​
CAA​CCC​TCT​TCG​TTC​ACA‑3' and reverse, 5'‑CAG​GAC​
TGG​TTA​AGA​TGG​GAG​ACT‑3' (101 bp); and mouse β‑actin 
forward, 5'‑AGA​TTA​CTG​CTC​TGG​CTC​CTA​GC‑3' and 
reverse, 5'‑ACT​CAT​CGT​ACT​CCT​GCT​TGC​T‑3' (147 bp). 
The following thermocycling conditions were used for qPCR: 
95˚C for 30 sec; 40 cycles of 5 sec at 95˚C and 30 sec at 56˚C; 
and melting curve analysis. mRNA expression levels were 
quantified using the 2‑ΔΔCq method (30) and normalized to the 
internal reference gene β‑actin using CFX Connect instru‑
ment software (CFX Maestro 2.0; Bio‑Rad Laboratories, Inc.). 
RT‑qPCR was performed in duplicate.

Myotube diameter assay. At 48 h post‑transfection, C2C12 
cells were treated with differentiation medium for 10 days. 
The differentiation medium was changed every 2  days. 
Subsequently, myotubes were fixed in 4% polyformaldehyde 
at room temperature for 30 min, then stained with 50 µg/ml 
fluorescent phalloidin conjugate solution in PBS for 40 min 
at room temperature. Stained myotubes were observed using 
a Ti2 inverted fluorescence microscope (Nikon Corporation; 
magnification, x20) and analyzed using NIS‑Elements BR 
Analysis software (version 5.20.02; Nikon Instruments, Inc.).

Immunofluorescence staining. C2C12 myotubes cultured 
in 6‑well plates (1.5x105/well) were fixed with 4% 

paraformaldehyde at room temperature for 20 min, permeabi‑
lised with 0.5% Triton X‑100 for 20 min at 37˚C and blocked 
in PBS buffer containing 5% BSA (cat. no. A8020; Beijing 
Solarbio Science & Technology Co., Ltd.) at 4˚C overnight. 
Cells were incubated with anti‑MyHC (1:4,000) overnight 
at 4˚C. Subsequently, cells were incubated with a goat anti‑mouse 
fluorescein‑conjugated Alexa Fluor 488 antibody (1:1,000) for 
1.5 h at room temperature. Cell nuclei were stained with DAPI 
for 10 min. Stained cells were visualized using a Ti2 inverted 
fluorescence microscope (Nikon Corporation; magnification, 
x20) and analyzed using NIS‑Elements BR Analysis software 
(version 5.20.02; Nikon Instruments, Inc.).

Animals. A total of 16 6‑week‑old healthy male C57BL/6J mice 
(weight, 16‑18 g) and five 8‑week‑old (weight, 20‑22 g) healthy 
male C57BL/6J mice were purchased from Beijing Vital River 
Laboratory Animal Technology Co., Ltd. All animals were 
subjected to equivalent feeding conditions. Mice were housed 
at a constant temperature (22‑24˚C) with humidity (50‑60%), 
12‑h light/dark cycles and ad libitum access to water and food. 
In the present study, for the measurement of FoxO6 mRNA 
and protein expression levels, the 8‑week‑old healthy male 
C57BL/6J mice were used to obtain liver, heart, lung, colon 
and skeletal muscle tissues, respectively. The 16 6‑week‑old 
healthy male C57BL/6J mice were used for the AAV9‑siRNA 
knockdown experiment. According to the siRNA knockdown 
efficiency in vitro, adeno‑associated virus 9 (AAV9)‑shFoxO6 
(based on the si‑FOXO6‑3 sequence) was prepared. Control 
AAV9 (shRNA‑scramble) and AAV9‑shFoxO6 particles 
were packaged, purified and titrated by ViGene Biosciences, 
Inc. For preliminary experiments, six six‑week‑old healthy 
male C57BL/6J mice were used to verify the efficiency of 
AAV9‑shFoxO6 transfection into skeletal muscles (n=3 per 
group; control AAV9=3 and AAV9‑shFoxO6=3). For subse‑
quent experiments, 50  µl AAV9 (1x1011 genome copies) 
carrying control AAV9 (n=5) or AAV9‑shFoxO6 (n=5) was 
injected into the skeletal muscles. After 4 weeks, except for 
slightly reduced activity of AAV9‑shFoxO6 mice, no obvious 
abnormalities, such as diet or drinking water, were observed. 
Subsequently, AAV9‑shFoxO6 mice and control AAV9 mice 
were euthanatized by the intraperitoneal injection of 150 mg/kg 
sodium pentobarbital. Skeletal muscles were collected and 
stored at ‑80˚C until further analysis.

Statistical analysis. Statistical analyses were performed using 
GraphPad Prism software (version 6; GraphPad Software, 
Inc.). Data are presented as the mean ± SEM from three inde‑
pendent experiments. SPSS (version 21.0; IBM Corp.) software 
was used to assess the normal distribution and homogeneity 
of variances of the data using the Shapiro‑Wilk test and the 
Levene test. Comparisons between two groups were analyzed 
using the unpaired Student's t‑test. Comparisons between 
multiple groups were analyzed using one‑way ANOVA 
followed by Dunnett's post‑hoc test. P<0.05 was considered to 
indicate a statistically significant difference.

Results

FoxO6 is highly expressed in skeletal muscle cells. Among 
the FoxO family members, FoxO1, FoxO3a, and FoxO4 are 
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expressed in almost all tissues  (14‑16). The present study 
measured FoxO6 mRNA and protein expression levels in the 
major tissues of five 8‑week‑old (weight, 20‑22 g) healthy male 
C57BL/6J mice and in cell lines by performing RT‑qPCR 
and western blotting, respectively. The investigated samples 
included the following: Mouse liver, mouse heart, mouse lung, 
mouse colon and mouse skeletal muscle obtained from healthy 
mice, C2C12 cells and AML12 cells. FoxO6 was expressed 
in the cell lines and tissues, especially in mouse skeletal 
muscle tissues and the C2C12 myoblast cell line (Fig. 1), which 
suggested that FoxO6 might be essential for maintaining the 
structure and function of muscle.

Efficient FoxO6 knockdown using siRNA. To determine 
whether FoxO6 served a key role in muscle metabolism, 
three siRNA oligomer screening assays in C2C12 myoblast 
cells were designed as follows: si‑FoxO6‑1 forward, 5'‑GGU​
CGG​ACC​CUU​GCG​GAA​ATT​dTd​T‑3' and reverse, 3'‑dTd​
TUU​UCC​GCA​AGG​GUC​CGA​CCT​T‑5'; si‑FoxO6‑2 
forward, 5'‑GGC​ACU​GGC​AAG​AGU​UCA​UTT​dTd​T‑3' and 
reverse, 3'‑dTd​TAU​GAA​CUC​UUG​CCA​GUG​CCT​T‑5'; and 
si‑FoxO6‑3 forward, 5'CCA​UCA​UCC​UCA​ACG​ACU​UTT​
dTd​T‑3' and reverse, 3'‑dTd​TAA​GUC​GUU​GAG​GAU​GAU​
GGT​T‑5'. To identify the most efficient si‑FoxO6 oligomer, 
in the initial screen, C2C12 cells were transfected with one 
of the three si‑FoxO6 oligomers or the si‑NC oligomer for 
48 h. Subsequently, cells were lysed, and then RNA and 
protein expression levels were determined via RT‑qPCR and 
western blotting, respectively. According to the RT‑qPCR 
results, the oligomer that most significantly knocked down 
FoxO6 expression levels compared with the si‑NC group was 
si‑FoxO6‑3, and similar results were obtained by western 

blotting (Fig. S1). Therefore, si‑FoxO6‑3 was used for subse‑
quent experiments.

C2C12 myoblast cell proliferation is decreased by FoxO6 
knockdown. The aforementioned results suggested that high 
FoxO6 expression in mouse skeletal muscle and C2C12 myoblast 
cells might be related to the structure and function of muscle. 
To determine whether FoxO6 was necessary for myoblast cell 
proliferation, si‑FoxO6 oligomer was transfected into C2C12 
myoblast cells to assess the effect of FoxO6 knockdown on 
cell proliferation by performing the CCK‑8 assay. The results 
demonstrated that compared with the si‑NC group, cell prolif‑
eration was significantly inhibited by FoxO6 knockdown at 48, 
72, 96 and 120 h post‑transfection (Fig. 2).

FoxO6 knockdown inhibits C2C12 myotube differentiation. 
The results demonstrated that FoxO6 was highly expressed in 
muscle at the RNA and protein levels, and FoxO6 knockdown 
significantly inhibited C2C12 cell proliferation compared with 
the si‑NC group. Moreover, the results indicated that FoxO6 
knockdown inhibited myotube differentiation, as morphologi‑
cally demonstrated by the significantly decreased diameter of 
differentiated C2C12 myotubes in the si‑FoxO6 group compared 
with the si‑NC group (Fig. 3A and B). In addition, the immu‑
nofluorescence assay results indicated that FoxO6 knockdown 
notably decreased the number of myotubes expressing MyHC 
compared with the si‑NC group (Figs. 3C and S2).

Furthermore, to investigate the possible mechanism 
underlying FoxO6‑maintained myotube activity, the protein 
expression levels of several critical biomarkers involved 
in muscle metabolism, including MyoD, MyHC, mTOR, 
atrogin1 and MURF1, were determined via western blotting. 
In differentiated C2C12 myotubes, FoxO6 was knocked down 
using siRNA for 48 h. Compared with the si‑NC group, FoxO6 
knockdown markedly downregulated FoxO6, mTOR, MyHC 
and MyoD expression levels, but notably upregulated atrogin1 
and MURF1 expression levels (Fig. 3C). Collectively, the 
results suggested that FoxO6 was required for myotube differ‑
entiation and maintenance in C2C12 cells.

Figure 1. FoxO6 expression in mouse cell lines and tissues. FoxO6 
(A) mRNA and (B) protein expression levels were measured via reverse 
transcription‑quantitative PCR and western blotting, respectively. FoxO6, 
forkhead box O6.

Figure 2. FoxO6 knockdown significantly inhibits C2C12 myoblast cell 
proliferation. At 24 h post‑transfection, C2C12 cell proliferation was assessed 
by performing the Cell Counting Kit‑8 assay. Data are presented as the 
mean ± SEM from three independent experiments performed in triplicate. 
**P<0.01 and ***P<0.001 vs. si‑FoxO6. si‑FoxO6, si‑FoxO6‑3; FoxO6, fork‑
head box O6; si, small interfering RNA; NC, negative control.
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FoxO6 is downregulated in TNF‑α‑induced C2C12 myotube 
atrophy. To further verify the aforementioned results, an 
in vitro model of TNF‑α‑induced myotube atrophy, which 
has been proven valid by Eley and Chen (31,32), was utilized. 
Atrogin1 and MURF1 expression levels were markedly upreg‑
ulated in atrophied C2C12 myotubes compared with the control 
group (Fig. 4). Furthermore, FoxO6 expression levels were 
notably downregulated, but FoxO1 and FoxO3a expression 
levels were markedly upregulated in atrophied C2C12 myotubes 
compared with the control group. In other words, the results 
indicated that, unlike FoxO1 or FoxO3a, FoxO6 was required 
for the maintenance of C2C12 myotubes. The aforementioned 
results indicated that FoxO6 regulated C2C12 myotubes in an 
in vitro model of TNF‑α‑induced myotube atrophy.

FoxO6 knockdown causes myofiber atrophy in mice. The 
aforementioned results indicated that FoxO6 served a key role 
in maintaining C2C12 myotubes in vitro. Compared with the 
si‑NC group, FoxO6 knockdown induced the downregulation 
of major muscle proteins, including MyoD, MyHC and mTOR, 
and the upregulation of ubiquitin ligase (atrogin1) and MURF1. 
Therefore, whether AAV9‑shFoxO6 resulted in skeletal muscle 
fiber atrophy in vivo was investigated. According to the knock‑
down efficiency of siFoxO6‑3 in vitro, AAV9‑shFoxO6 (based 
on the siFoxO6‑3 sequence) was prepared. AAV9‑control 
(control group; n=5) or AAV9‑shFoxO6 (knockdown group; 
n=5) was injected into the skeletal muscles of each mouse. 
At  4  weeks post‑injection, FoxO6 RNA expression levels 
were significantly decreased by 65% in the AAV9‑Ctrl 
group compared with the AAV9‑shFoxO6 group (Fig. S3). 
Subsequently, the protein expression levels of atrogin1 and 
MURF1 in myofibers of AAV9‑control or AAV9‑shFoxO6 

mice were measured. Atrogin1 and MURF1 expression 
levels were significantly increased in AAV9‑shFoxO6 mice 
compared with AAV9‑control mice (Fig. 5). Moreover, the 
expression levels of MyoD, MyHC and mTOR were signifi‑
cantly decreased in AAV9‑shFoxO6 mice compared with 
AAV9‑control mice. Thus, the results suggested that FoxO6 

Figure 3. FoxO6 knockdown inhibits C2C12 myotube differentiation. (A) Representative photographs of C2C12 myotubes in the si‑NC and si‑FoxO6 groups. 
(B) Myotube morphology was assessed using FITC‑labeled phalloidin and myotube diameters were measured. (C) MyHC expression in FoxO6‑knockdown 
C2C12 myotubes was assessed by conducting immunofluorescence staining. (D) Expression levels of muscle‑related proteins in FoxO6‑knockdown C2C12 
myotubes were examined via western blotting. β‑actin was used as the loading control. All scale bars, 100 µm. ***P<0.001. FoxO6, forkhead box O6; si, small 
interfering RNA; NC, negative control; MyHC, myosin heavy chain; MyoD, myoblast determination protein 1; MURF1, muscle RING‑finger protein‑1.

Figure 4. Muscle‑related protein expression levels in atrophic C2C12 
myotubes. To model muscle atrophy, C2C12 myotubes were treated with 
TNF‑α (50 ng/ml) for 6 h with 5% CO2 at 37˚C. Subsequently, the expression 
levels of several muscle‑related proteins were determined via western blot‑
ting. β‑actin was used as the loading control. FoxO, forkhead box O; MURF1, 
muscle RING‑finger protein‑1.
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knockdown induced myofiber atrophy. Collectively, the results 
of the present study indicated that FoxO6 prevented skeletal 
muscle atrophy and was required for muscle activity.

Discussion

Skeletal muscle atrophy is one of the major characteristics of 
patients with chronic disease, and the associated muscle loss 
becomes more pronounced as the disease progresses (1‑3,20). 
Several categories of drugs, including statins, antiviral thera‑
pies and immunosuppressants, also cause muscle atrophy (4,5). 
Although significant progress has been made towards under‑
standing skeletal muscle loss, the relevant molecules and 
underlying cellular mechanisms are not completely under‑
stood.

Previous studies have demonstrated that the majority 
of members of the FoxO family are associated with the 
regulation of skeletal muscle metabolism (19,20). In muscle, 
FoxO1 or FoxO3a could induce skeletal muscle atrophy 
in vivo (21,22,24). FoxO4 was also involved in the physiolog‑
ical regulation of mammalian skeletal muscle hypertrophy 
and atrophy (20,33). In C2C12 myotubes, Moylan et al  (25) 
reported that the TNF‑induced atrogin1 expression was 
dependent on FoxO4 expression, but not on FoxO1/3 signaling. 
Chung et al (28) also demonstrated that FoxO6 could form a 
regulatory loop with PGC‑1α to establish the level oxidative 
metabolism in muscles undergoing oxidative stress. However, 
as the most recently discovered FoxO family member, the 
functions and exact mechanism underlying FoxO6 in skeletal 
muscle metabolism are not completely understood.

The present study investigated the role of FoxO6 in vitro 
with si‑FoxO6 and in  vivo with AAV9‑shFoxO6. FoxO6 
expression levels in several samples, including samples of 

mouse liver, heart, lung, colon and skeletal muscle, as well 
as the C2C12 and AML12 cell lines, were assessed. FoxO6 
expression was particularly high in mouse skeletal muscles 
and C2C12 myoblast cells. To assess the hypothesis that FoxO6 
might serve as an important regulator in the maintenance of 
skeletal muscle function, the effect of FoxO6 knockdown on 
C2C12 cell proliferation was investigated. Compared with the 
si‑NC group, FoxO6 knockdown significantly inhibited C2C12 
cell proliferation. Furthermore, C2C12 myotubes were used to 
verify whether si‑FoxO6 resulted in myotube atrophy. The 
morphological characteristics were examined, and a signifi‑
cant decrease in myotube diameter was observed following 
FoxO6 knockdown compared with the si‑NC group. Moreover, 
as the major component of skeletal muscle (13,34,35), MyHC 
expression was analyzed via immunofluorescence staining. 
The results demonstrated that FoxO6 knockdown notably 
downregulated the expression level of MyHC in myotubes 
compared with the si‑NC group. Collectively, the results of 
the present study suggested that FoxO6 might be required for 
C2C12 myotube differentiation and maintenance.

Skeletal muscle mass is essential for motility, whole body 
metabolism and viability. Patients suffering from muscle 
atrophy often become weaker and unable to perform normal 
activities, and in severe cases, muscle atrophy can result in 
death. The primary characteristics of patients suffering from 
muscle atrophy are extreme thinness and wasting. Under 
poor conditions, muscle‑related proteins are often severely 
degraded (1‑3,6). Consistent with the important role of FoxO1 
or FoxO3a during muscle atrophy, the aforementioned FoxO6 
knockdown‑mediated effects were noted in atrophic C2C12 
myotubes. Interestingly, the results of the present study 
suggested that, unlike FoxO1 or FoxO3a, FoxO6 protected 
C2C12 myotubes against atrophy.

Figure 5. Muscle‑related protein expression levels in skeletal muscles of AAV9‑shFoxO6‑treated mice. Protein expression levels were determined via western 
blotting. β‑actin was used as the loading control. *P<0.05, ***P<0.001 and ****P<0.0001. AAV9, adeno‑associated virus 9; sh, short hairpin; FoxO, forkhead 
box O; si, small interfering RNA; MURF1, muscle RING‑finger protein‑1; MyHC, myosin heavy chain; MyoD, myoblast determination protein 1; AAV9‑Ctrl, 
AAV9 control group.
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Increasing evidence has demonstrated that the loss of 
muscle proteins in skeletal muscle leads to severe myopathy, 
which in turn leads to a series of muscular disorders associated 
with muscle protein dysfunction (11‑13,36). The expression 
of muscle proteins is significantly reduced when skeletal 
muscle atrophy occurs (34,35). Therefore, to investigate the 
possible mechanism underlying FoxO6‑induced maintenance 
of myotube activity, the present study assessed several critical 
biomarkers in muscle, including MyoD, MyHC and mTOR, 
via western blotting. Under several conditions, including 
fasting, a variety of diseases (e.g., cancer, diabetes mellitus 
and Cushing's Syndrome) and in specific muscles upon dener‑
vation or disuse, muscle atrophy participates in a common 
mechanism that upregulates atrogin1 and MURF1 (1,7,9,10). 
In the present study, compared with the si‑NC group, FoxO6 
knockdown notably downregulated mTOR, MyHC and MyoD 
expression levels, and markedly upregulated atrogin1 and 
MURF1 expression levels in C2C12 myotubes. Additionally, 
an in vitro model of TNF‑α‑induced myotube atrophy was 
utilized. Similar results were obtained in the in vitro model. 
For example, FoxO6 expression levels were notably down‑
regulated, and atrogin1 and MURF1 expression levels were 
markedly upregulated in atrophied C2C12 myotubes compared 
with the control group. The results also demonstrated that 
FoxO1 and FoxO3a expression levels were notably upregulated 
in atrophied C2C12 myotubes compared with the control group. 
In other words, the results indicated that FoxO6 maintained 
C2C12 myotubes and protected against atrophy, which was 
different from the known functions of FoxO1 or FoxO3a.

Consistent with the in vitro results, similar results were 
also obtained in vivo. Atrogin1 and MURF1 expression levels 
were significantly increased in skeletal muscles isolated from 
AAV9‑shFoxO6 mice compared with AAV9‑control mice. 
Moreover, MyoD, MyHC and mTOR expression levels were 
notably decreased in AAV9‑shFoxO6 mice compared with 
AAV9‑control mice. In conclusion, the results of the present 
study indicated that FoxO6 was required for maintaining C2C12 
myotubes and protecting against atrophy in vitro and in vivo; 
thus, the present study highlighted the protective effects of 
FoxO6 in muscle protein metabolism.
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