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Exercise training improves muscle fitness in many aspects, including induction of mito-
chondrial biogenesis and maintenance of mitochondrial dynamics. The insulin-like growth
factors were recently proposed as key regulators of myogenic factors to regulate mus-
cle development. The present study aimed to investigate the physical exercise impact on
insulin-like growth factor 2 (IGF2) and analyzed its functions on skeletal muscle cells in
vitro. Using online databases, we stated that IGF2 was relatively highly expressed in skele-
tal muscle cells and increased after exercise training. Then, IGF2 deficiency in myotubes
from C2C12 and primary skeletal muscle cells (PMSCs) led to impaired mitochondrial func-
tion, reduced mitochondria-related protein content, and decreased mitochondrial biogene-
sis. Furthermore, we explored the possible regulatory pathway and found that mitochondrial
regulation in skeletal muscle cells might occur through IGF2-Sirtuin 1 (SIRT1)-peroxisome
proliferator-activated receptor-γ co-activator-1α (PGC1α) signaling pathway. Therefore, the
present study first demonstrated the relationship between IGF2 and mitochondria in skeletal
muscle.

Introduction
Skeletal muscle plays a significant role in locomotion maintenance and metabolism. As highly dynamic
organelles inside the skeletal muscle cell, mitochondria are responsible for regulating skeletal muscle’s
metabolic status [1]. Through oxidative phosphorylation (OXPHOS) to generate adenosine triphosphate
(ATP), they provide energy for sustaining cellular functions [2]. When the body requires extra energy
supply during exercise, mitochondria serve as main energy suppliers to coordinate ATP production, re-
active oxygen species (ROS) production, and calcium signaling [3]. Therefore, exercise and mitochondria
in skeletal muscle cells influence each other and maintain a close relationship.

The insulin-like growth factor system comprises three ligands, insulin, insulin-like growth factor-1
(IGF1) and insulin-like growth factor-2 (IGF2), as well as their binding proteins and receptors [4]. Both
IGF1 and IGF2 are highly expressed in skeletal muscle, regulating skeletal muscle cells proliferation, dif-
ferentiation, and hypertrophy [5]. Increasing evidence shows that IGF1 can be regarded as a physiological
mitochondria regulator. Independent serum IGF1 concentrations and muscle IGF1 mRNA expression are
closely associated with muscle mitochondria function [6]. Yet until recently, little was known about the
mechanisms of IGF2 regulation in muscle mitochondrial function.

Based on the above-mentioned findings, we firstly profiled IGF2 expression in muscle tissue before
and after exercise training. Next, we investigated IGF2 role on mitochondrial function and the underlying
possible molecular mechanism in skeletal muscle cells. Herein, we demonstrated for the first time that
IGF2 was essential to maintaining mitochondrial function in skeletal muscle cells.
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Materials and methods
Bioinformatics analysis
For analysis of IGF2 gene expression across muscle samples before and after exercise training, normalized microarray
gene expression datasets were downloaded from the NCBI Gene Expression Omnibus (GEO) database. Differentially
expressed genes analysis were carried out based on the limma R package. The cutoff was identified as follows: P-values
<0.05.

Mice
All animal care procedures and methods were performed following the guidelines of Animal Care Committee of
Zhejiang University, and the animal work was carried out at Zhejiang University. Five C57BL/6 neonatal mice (2- to
5-day-old) were purchased from Slack Experimental Animal Center of the Chinese Academy of Sciences (Shanghai,
China). After a 12-h light–dark cycle maintenance, mice body weights were measured, and they were then killed by
cervical dislocation after exsanguination. After that, the muscle tissues of mice were collected.

Isolation and culture of primary skeletal muscle cells
Primary cells were isolated from hindlimb muscles biopsies derived from neonatal mice (2–5 days of age). Muscles
were minced with scissors in 1× PBS containing 100 IU/ml penicillin/streptomycin until a homogeneous mass was
obtained. Muscle fragments were then dissociated enzymatically in 20 ml 0.25% trypsin containing 1% collagenase
and were kept on a rotator at 37◦C for 45 min. After adding 20 ml Dulbecco’s modified Eagle’s medium (DMEM)
containing 10% fetal bovine serum (FBS), the suspension was filtrated into new 50-ml tubes. The suspension was
centrifuged at 1500 rpm for 5 min and was resuspended in another 10 ml DMEM with 10% FBS. To purify the cell
culture from fibroblasts present in the final cell pellet, 20 and 60% Percoll concentrations were used. Subsequently,
the purified cells were transferred to a laminin-coated plate. After 1 h, the supernatant was transferred to a second
laminin-coated plate. The first well was filled with DMEM with 10% FBS. Again, after 3 h, this procedure was repeated
in the same way. After that, the cells were maintained at 37◦C in a humidified atmosphere of 5% CO2.

Immunofluorescence assay
After isolation of primary skeletal muscle cells (PMSCs) from neonatal mice, cells were cultured in the growth
medium (DMEM containing 10% FBS and 100 IU/ml penicillin/streptomycin) for Olympus fluorescence microscope
analysis. After washing twice with PBS, the cells were fixed with 4% paraformaldehyde for 20 min at room tempera-
ture. They were then washed with PBS three times and incubated with 0.3% Triton X-100 for permeabilization. After
PBS washing, the slides were blocked in 5% BSA (Fdbio Science) for 1 h at room temperature. Subsequently, the
slides were incubated with anti-α-actin antibody (Abclonal, 1:200) or anti-Desmin antibody (Abclonal, 1:200) at 4◦C
overnight. After removing the primary antibody by washing, the cell slides were incubated with FITC-conjugated
secondary antibody (1: 500) (Life Technologies) for 1 h at room temperature. The nucleus was then counterstained
with DAPI (Yeasen, China) for 5 min. After PBS washing to stop the chromogenic reaction, the slides were examined
with Olympus fluorescence microscope. Immunofluorescent staining was performed three times, and representative
images were presented.

In vitro cell culture and differentiation
C2C12 myoblasts were purchased from American Type Cultures Collection (ATCC), and PMSCs were obtained
from neonatal mice. They were cultured in a growth medium (DMEM containing 10% FBS and 100 IU/ml peni-
cillin/streptomycin) at 37◦C and 5% CO2. To induce differentiation, C2C12 and PMSCs were seeded in six-well
plates, respectively, and after cells reached 80% confluence, the growth medium was switched into differentiation
media (DMEM containing 2–5% horse serum). All the following experiments were carried out using myotubes.

siRNA-mediated knockdown of IGF2
For gene knockdown, both C2C12 and PMSCs myotubes were grown in regular culture medium up to 50–70% con-
fluence and then transiently transfected with IGF2 siRNA or NC siRNA (negative control scrambled) using Oligofec-
tamine™ Transfection Reagent (Thermo Fisher Scientific) according to the manufacturer’s protocol. siRNA sequences
were shown as follows:

si-NC-F: GAAUUGCUCUCGGACAAUUCG
si-NC-R: CGAAUUGUCCGAGAGCAAUUC
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si-mIGF2-1 (mouse)-F: GGAGCUUGUUGACACGCUUCA
si-mIGF2-1 (mouse)-R: UGAAGCGUGUCAACAAGCUCC
si-mIGF2-2 (mouse)-F: CUUGGACUUUGAGUCAAAUUGG
si-mIGF2-2 (mouse)-R: GGUCGUGCCAAUUACAUUUCA.

After 6 h of incubation with transfection reagent, cells were transferred to normal DMEM with 10% FBS. At 48 h
after transfection, cells were analyzed with the indicated assays.

RNA extraction and qRT-PCR assay
Total RNA was isolated from samples using TRIzol reagent (Invitrogen) following the manufacturer’s protocol. The
extracted total RNA was then quantified by a NanoDrop 2000 (Thermo Fisher, Waltham, MA). Reverse transcription
(RT) was performed using a reverse transcription reagent kit (TaKaRa) to generate a cDNA template following the
manufacturer’s instructions. Real-time quantitative PCR was performed utilizing a PCR kit containing SYBR Green
(TaKaRa) on a Roche LightCycler 480 PCR System. The relative mRNA expression levels were calculated using 2−��Ct

method and normalized to GAPDH mRNA as the internal control. The mitochondrial DNA (mtDNA) copy number
was assessed by calculating the mitochondrial ratio to nuclear DNA. The primer sets used are listed in Supplementary
Table S1.

Western blot
Equal amount of protein (50 μg) denatured by boiling was separated by 10% SDS/polyacrylamide gel electrophore-
sis, transferred to polyvinylidene difluoride membranes (Millipore) and blocked with 5% non-fat milk for 1 h
at 37◦C. Membranes were then incubated with high-affinity primary antibodies, including anti-rabbit-IGF2 (Ab-
cam, 1:200), anti-rabbit-GAPDH (Abclonal, 1:000), anti-rabbit-Mitofusin2 (Abclonal, 1:500), anti-rabbit-DRP1 (Ab-
clonal, 1:500), anti-rabbit-peroxisome proliferator-activated receptor-γ co-activator-1α (PGC1α; Abclonal, 1:500),
and anti-mouse-Sirtuin 1 (SIRT1; Abcam, 1:1000) at 4◦C overnight. After incubation with a peroxidase-labeled sec-
ondary antibody at 37◦C for 1 h, signals were visualized using FDbio-Femto ECL (Fudebio, Hangzhou, China) and
a chemiluminescence system (Bio-Rad, U.S.A.). All the data were quantified by ImageJ (Rawak Software, Inc., Ger-
many). To detect the mitochondrial electron transport chain (ETC) subunits, total OXPHOS Rodent WB Antibody
Cocktail Ab110413 was ued to analyze relative levels of OXPHOS complexes in mouse mitochondria by Western blot.
This OXPHOS cocktail contains five mouse mAbs, one each against CI subunit NDUFB8 (ab110242), CII-30kDa
(ab14714), CIII-Core protein 2 (ab14745), CIV subunit I (ab14705) and CV α subunit (ab14748) as an optimized
premixed cocktail.

Extracellular flux analysis
Cellular respiration was studied using Seahorse XFe96 extracellular flux analyzer (Seahorse Biosciences, Agilent tech-
nologies) following manufacturer recommended protocols. On the day before assay, 10000 cells per wells were seeded
in assay microplates, and a sensor cartridge was hydrated in XF Calibrant at 37◦C in a non-CO2 incubator overnight.
On the next day, the cells were incubated in 175 ml of assay medium at 37◦C in a non-CO2 incubator for 1 h until
further use. We then prepared 10× stocks of drugs in XF media, and final concentrations after injections were: 1.0
μM Oligomycin, 1.0 μM FCCP, and 0.5 μM Rotenone/antimycin A. The plates were assayed on XFe96 analyzer to
calculate oxygen consumption rate (OCR) over time after sequential addition of different drugs. After the run, XF
Mito Stress Test Report Generator automatically calculated XF Cell Mito Stress Test parameters.

Measurement of ROS production
According to the manufacturer’s protocol, ROS production in mitochondria was detected using a ROS Assay Kit
(S0033; Beyotime, Shanghai, China). Cells were incubated with 10 μM DCFH-DA probes at 37◦C for 20 min and
washed twice with PBS to remove extracellular DCFH-DA. The cells were resuspended in PBS and were subjected
to flow cytometric analysis (BD Biosciences). All the data were analyzed by FlowJo software (Treestar, U.S.A.) and
were quantified by ImageJ (Rawak Software, Inc., Germany). The ROS production data were normalized to the siNC
group.

Measurement of mitochondrial membrane potential
To determine mitochondrial membrane potential, cells were stained live in a growth medium with the fluorescent
probe JC-10 (Solarbio, 1:200) at 37◦C for 20 min. After careful washing, the cells were resuspended in PBS and were
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Figure 1. Meta-analysis of microarray data comparing IGF2 gene expression in muscle tissue before and after exercise

Each dataset (x-axis) in the boxplot profile is noted by NCBI GEO GSE number. The y-axis indicates Log2 relative expression. The

blank boxes represent pre-exercise state, while the shaded boxes mean post-exercise state. P-values and Log2 fold-change values

(FC) are marked after each pairwise comparison.

subjected to flow cytometric analysis (BD Biosciences). All the data were analyzed by FlowJo software (Treestar,
U.S.A.) and were quantified by ImageJ (Rawak Software, Inc., Germany). The mitochondrial membrane potential
was represented as the ratio of aggregated and monomeric JC-10, and data were normalized to the siNC group.

Transmission electron microscopy
Transmission electron microscopy (TEM) was used to determine the morphology and structure of mitochondria.
Cells were fixed in 2.5% glutaraldehyde for 4 h at 4◦C and post-fixed in 1% osmic acid at 37◦C for 1 h. After dehy-
dration with ethanol, the samples were transferred to absolute acetone for 20 min and embedded with 1:1 mixture of
absolute acetone and embedding agent. The samples were then cut into 70 nm sections, and TEM (FEI TecnaiT10)
was used to photograph mitochondria. Three randomly selected areas photographed at 5900 magnification (scale bar
= 1 μm) were presented.

MitoTracker Red staining
Cells were probed for active mitochondria by 50 nM MitoTracker Red (Invitrogen) for 30 min at 37◦C in darkness, and
nuclei were counterstained with DAPI (Yeasen, China) for 5 min. After washing, staining was assessed by Olympus
fluorescence microscope three times, and representative images were presented.

Statistical analysis
Data are presented as mean +− standard deviation (SD). Each experiment was performed with three biological repli-
cates. All experiments were performed at least three times, and data were presented as means +− standard error of
the mean (SEM). Statistical analysis was conducted with SPSS version 26.0 software using unpaired two-tailed Stu-
dent’s t test (normal distribution and equal variances between-group differences). The significance was represented
by P-values and P<0.05 was considered to be statistically significant, *P<0.05, **P<0.01, ***P<0.001, n.s., not signif-
icant.

Results
Differential expression profile of IGF2 in the skeletal muscle
To evaluate the expression of IGF2 among different tissues, we used the online RNA-Seq datasets from different
projects. Using GTEx (https://www.gtexportal.org/home/), BioGPS (http://biogps.org/), and SAGE (https://www.
ncbi.nlm.nih.gov/geo/browse/); these results (Supplementary Figure S1) together showed that IGF2 expression in
normal human skeletal muscle tissue was relatively high. Moreover, we performed a systematic meta-analysis of mi-
croarray gene expression data and compared the relative levels of IGF2 across muscle samples before and after exercise
training. Characteristics of the ten selected datasets was shown in Supplementary Table S2. Resistance or aerobic train-
ing were applied in these studies with different exercise duration from 18 days to 4 years. As shown in Figure 1, in all
these studies, without exception, regardless of participants or the type and duration of exercise, IGF2 expression in
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Figure 2. Generation of IGF2 knockdown in skeletal muscle cells

(A) Expression and distribution of α-actin and Desmin in PSMCs. Scale bar = 100 μm. The nucleus was counterstained in blue

by DAPI. (B) RT-qPCR analysis validation of IGF2 knockdown in skeletal muscle cells. (C) Western blot analysis and quantification

were used to demonstrate transfection efficiency in skeletal muscle cells. Data represent mean +− SD of three biological replicates.

*P<0.05, **P<0.01, ***P<0.001.

muscle tissue increased after exercise training, and all datasets showed a highly statistically significant difference con-
sistently. Overall, IGF2 represented a comparatively higher expression in skeletal muscle tissue and was up-regulated
after exercise.

Successful generation of IGF2-knockdown skeletal muscle cells
As skeletal muscle mitochondrial remodeling in exercise is commonly accepted [7], the alternation of IGF2 expres-
sion before and after exercise might participate in mitochondria reprogramming. In the present study, mouse C2C12
myotube and primary myotube (from PMSCs) were used as cellular models to study skeletal muscle in vitro. α-actin
and Desmin were recognized as unique proteins to characterize skeletal muscle satellite cells [8]. As demonstrated
in Figure 2A, immunofluorescence results showed that α-actin and Desmin stained in green were expressed in cy-
toplasm of PSMCs, representing that highly purified skeletal muscle satellite cells were isolated. Then, to determine
IGF2 role in skeletal muscle mitochondrial function, we designed and constructed different small interfering RNAs
(siRNAs) to knock down its expression in both C2C12 myotube and primary myotube. Transfection efficiency was
measured by qRT-PCR and Western blot. Our findings revealed a significant over 50% down-regulation of both IGF2
mRNA and protein expression in knockdown cells, indicating that we had successfully interfered with IGF2 gene ex-
pression in these two cell lines, both P<0.05, (Figure 2B,C). Considering their transfection efficiency, we used siRNAs
IGF2-2 in the following experiments.
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Figure 3. Knockdown of IGF2 caused mitochondrial dysfunction in skeletal muscle cells

(A) OCR during analysis of respiratory control in siNC and siIGF2 myotubes (left). Respiratory control parameters from siNC and

siIGF2 myotubes (right). (B) ROS production was measured by flow cytometer. (C) Mitochondrial membrane potential was assessed

via flow cytometer. Red fluorescence represents aggregation of JC-10, green fluorescence represents monomeric JC-10. (D) Rep-

resentative electron micrographs of skeletal muscle cells from siNC and siIGF2. Scale bar = 1 μm. Data represent mean +− SD of

three biological replicates. *P<0.05, **P<0.01, ***P<0.001.

Knockdown of IGF2 impaired mitochondrial function
To assess the functional impact of IGF2 loss on mitochondria, we first evaluated cellular respirometry assay using
Seahorse XF96e flux analyzer on two cell lines. When comparing the respiration profiles of siNC with siIGF2 cells, we
observed reduced respiration in the knockdown cells (Figure 3A). Specifically, IGF2 depletion caused a significant
decline in ATP production-linked OCR, maximal respiration, and spare respiratory capacity compared with the con-
trol. Then, ROS production was assessed and displayed a significant increase after stable IGF2 knockdown, a 2.58-fold
increase in C2C12 and 4.46-fold increase in PSMC, respectively, both P<0.05, (Figure 3B). Consistently, we scruti-
nized the membrane potential calculated from JC-10 staining. The siIGF2 samples exhibited significant membrane
depolarization, a 58.2% decrease in C2C12 and 42.6% decrease in PSMCs, respectively, both P<0.05, (Figure 3C),
a strong indicator of mitochondrial dysfunction. Besides, ultrastructural findings revealed mitochondria’s presence
exhibiting augmented mitochondrial fission events in siIGF2 cells (Figure 3D). Compared with siNC group, there was
an increased mitochondrial number and smaller mitochondrial width in siIGF2 group. As a result, we demonstrated
that knockdown of IGF2 impaired mitochondrial function and remodeled the mitochondrial network (fusion and
fission) in skeletal muscle cells in vitro.
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Figure 4. Changes in markers of mitochondrial protein content in IGF2 knockdown group compared with control group

(A) Protein abundance of mitochondrial subunits complex I (NDUFB8), complex II (SDHB), complex III (UQCRC2), complex IV

(MTCO1), complex V (ATP5A) in siNC and siIGF2 skeletal muscle cells. (B) Effects of IGF2 knockout on the content of proteins

regulating mitochondrial fusion (MFN) and fission (DRP) in siNC and siIGF2 skeletal muscle cells measured by western blot. Data

represent mean +− SD of three biological replicates. *P<0.05, **P<0.01, ***P<0.001, n.s., not significant.

Knockdown of IGF2 impaired mitochondria-related protein content
Considering that mitochondria-related protein content expression laid the foundation for mitochondrial function
and structure, we then measured the content of mitochondrial ETC subunit I–V (Figure 4A) as well as relevant mito-
chondrial fusion and fission proteins (Figure 4B). Mitochondrial subunits complex II (SDHB) (P<0.01), complex IV
(MTCO1) (P<0.01) were down-regulated obviously in IGF2 knockdown cells along with a slight decrement of com-
plex V (ATP5A) (P<0.05). However, we did not observe a significant difference in complex I (NDUFB8) and com-
plex III (UQCRC2) expression. Meanwhile, the siIGF2 group displayed a significantly lower level of mitochondrial
fusion protein Mitofusin (MFN) (P<0.05) and a significantly higher level of fission protein dynamic-related protein
(DRP) (P<0.05) compared with siNC group. Overall, these findings indicated that the observed decrements in mito-
chondrial function and fragmentation of mitochondrial structure might occur due to impaired mitochondria-related
protein content.

Knockdown of IGF2 impaired mitochondrial biogenesis
Given the observed decrement in mitochondrial respiration in IGF2 knockdown skeletal muscle cells, we sought to
determine whether a reduction in mitochondrial biogenesis might underlie this phenotype. Firstly, the mitochondrial
mass was assessed by mitochondrial probe staining. The results presented a reduced red fluorescence intensity in
IGF2 knockdown cells, indicating a decreased mitochondrial mass after IGF2 loss (Figure 5A). mtDNA level was
then measured, displaying a reduced level in IGF2 silencing cells compared with the control (Figure 5B) (P<0.01).
Consistent with the result of mtDNA content level, the transcript levels of mtDNA genes were mainly down-regulated
after IGF2 knockdown (Figure 5C) (P<0.05). In summary, these data suggested that mitochondrial biogenesis was
significantly impaired in IGF2 knockdown skeletal muscle cells.

IGF2 deficiency causes mitochondrial defects through
IGF2-SIRT1-PGC1α pathway
SIRT1 and PGC1α enhanced mitochondrial biogenesis and energy homeostasis [9]. To test if IGF2 may regu-
late mitochondrial biogenesis via SIRT1-PGC1α pathway, the expression of these two related proteins was de-
tected by RT-qPCR analysis and Western blot. We stated that expression of SIRT1 and PGC-1α at mRNA level was
down-regulated in siIGF2 group compared with siNC group (P<0.01, Figure 6A). Consistent with RT-qPCR analy-
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Figure 5. Effects of IGF2 knockout on mitochondrial biogenesis in skeletal muscle cells

(A) Mitochondrial mass was measured using MitoTracker staining. Scale bar = 100 μm. (B) Relative mtDNA contents after normaliza-

tion to nuclear DNA (nDNA) levels. MT1–3 represents three primers mapping to distinct regions on mtDNA. (C) mtDNA transcription

levels were measured by qRT-PCR. Data represent mean +− SD of three biological replicates. *P<0.05, **P<0.01, ***P<0.001, n.s.,

not significant.

Figure 6. Effect of IGF2 loss on mRNA and protein levels of SIRT1 and PGC-1α

(A) The relative mRNA expression of SIRT1 and PGC-1α evaluated by RT-qPCR analysis. (B) Representative images and their

quantification of Western blots of SIRT1 and PGC-1α protein. Data represent mean +− SD of three biological replicates. *P<0.05,

**P<0.01, ***P<0.001.

sis results, the protein levels of SIRT1 and PGC-1α were also decreased after IGF2 loss (P<0.05, Figure 6B). These
data suggested that the effects of IGF2 deficiency on mitochondrial dysfunction might be through SIRT1-dependent
PGC-1α pathway (Figure 7).

Discussion
IGF2 was characterized as a key quantitative trait locus for muscle enhancer [10] and was required for development
and maintenance of the musculoskeletal system [11]. Younis et al. found that ZBED6–IGF2 axis regulated IGF2 ex-
pression and then affected muscle growth [12]. Moreover, Florini et al. reported that IGF2 levels increased dramati-
cally during myogenesis in cultured muscle cells [13]. Therefore, IGF2 acted as an important regulator of myogenic
growth factors in skeletal muscle cells.
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Figure 7. Model graph proposing the potential role of IGF2 in regulating mitochondrial function in skeletal muscle

Exercise training improves muscle fitness by induction of mitochondrial biogenesis and maintenance of mitochondrial dynamics

regulated by key regulators of myogenic factors-IGF2. Knockdown of IGF2 reduced the expression of both SIRT1 and PGC-1α,

which might be the underlying molecular mechanism of mitochondrial dysfunction.

In this work, we explored the role and possible mechanism of IGF2 in modulating mitochondria’s activity inside
the skeletal muscle cells. Firstly, we identified that IGF2 expression in muscle tissues was relatively high and was al-
tered statistically significantly before and after exercise using multiple online research data. Increasing evidence has
demonstrated that mitochondrial dynamics have essential roles in maintenance of metabolism in skeletal muscle.
Especially in response to exercise, mitochondria form large networks within skeletal muscle cells to meet the en-
ergy requirement [3]. Based on the previous studies, it can be inferred that IGF2 might participate in mitochondrial
modulation process.

This exercise-induced adaptation resulted in positive alternations in mitochondrial function [14]. As for mitochon-
drial function, exercise promoted ROS loss and high mitochondrial membrane potential, leading to increased respira-
tion function [15]. Apart from that, remodeling of mitochondrial network (fusion and fission) from exercise can also
be observed to improve mitochondria’s efficiency [16]. Due to the increased content of IGF2 after exercise, we specu-
lated that IGF2 knockdown might damage mitochondria’s function. As expected, IGF2 depletion caused a significant
reduction in mitochondrial respiration in both C2C12 myotubes and primary myotubes, accompanied by excessive
ROS generation and mitochondrial membrane potential degradation. Specifically, mitochondrial respiration state
was influenced in three aspects: ATP production-linked OCR, maximal respiration, and spare respiratory capacity.
This phenomenon represented that IGF2 loss had defects in the mitochondrial OXPHOS process (mtOXPHOS). The
inhibition of OXPHOS lowered the mitochondrial membrane potential and triggered the relatively higher production
of cellular ROS as a byproduct of oxidative phosphorylation [17].

The mtOXPHOS process occurred via protein complexes of ETC. Therefore, we performed Western blots to mea-
sure protein levels of ETC proteins and ATP synthase (complex V), where the results indicated that IGF2 knockdown
specifically inhibited the levels of SDHB (a subunit of complex II), MTCO1 (a subunit of complex IV), and ATP5A
(a subunit of complex V). Therefore, we reported that one possible reason for impairment observed in respiration
might be the decreased expression of mitochondrial respiratory chain complexes. Also, it has been acknowledged
that Complex II was one of the contributors to ROS production [18]. Our study showed a noticeable decrement of
SDHB (a subunit of complex II) expression after IGF2 knockdown, representing the possible ROS source. Meanwhile,
more fission events and fewer fusion events happened after IGF2 knockdown, with the imbalance of DRP/MFN ex-
pression. MFN initiated fusion by tethering adjacent mitochondria [19], while DRP mediated fission by inducing
mitochondrial fragmentation [20]. The fused mitochondria were optimal for ATP generation [21], so fused mito-
chondria loss after IGF2 knockdown also led to a decrement of ATP generation. This might be another reason to
explain the dysfunctional mitochondrial respiratory.
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Mitochondrial dysfunction is also caused by impaired mitochondrial biogenesis and inhibited mtDNA transcrip-
tion [22]. The results of this study showed that low IGF2 expression could reduce mitochondria number. Consis-
tent with mitochondrial quantity reduction, mtDNA genes and their transcripts levels were globally down-regulated.
Furthermore, mitochondrial biogenesis was orchestrated by PGC-1 family of transcriptional co-activators [23] and
PGC-1α induced OXPHOS genes involved in the final step of ETC and ATP synthesis [24]. Through PGC-1αdeacety-
lation, SIRT1 regulated the gene expression of PGC-1α [9]. Here, we found that knockout of IGF2 reduced the expres-
sion of both SIRT1 and PGC-1α, which might be the underlying molecular mechanism of mitochondrial dysfunction.

From the future perspective, the age-related muscle degeneration is a major concern in the aging society and the
main factor is regarded as derangements in skeletal myocyte mitochondrial function. As shown in Figure 7, exercise
increases the local concentration of IGF2 in skeletal muscle. As a myogenic factor, IGF2 participates in maintaining
the muscle health and mitochondrial function. In contrast, loss of IGF2 breaks the balance of mitochondrial dynamics.
Thus, IGF2 might be a potential therapeutic target in muscle mitochondrial dysfunction.

Conclusion
In conclusion, we demonstrated for the first time that IGF2 expression increased after exercise training. With
IGF2 knockout, mitochondria were dysfunctional in skeletal muscle cells related to a reduced content of
mitochondrial-related protein, imbalance of mitochondrial fission/fusion, and impaired mitochondrial biogenesis.
The potential molecular mechanism caused by mitochondrial defects may occur through IGF2-SIRT1-PGC1α path-
way (Figure 7).

Clinical perspectives
• Exercise training enhances muscle fitness in numerous aspects, comprising mitochondrial bio-

genesis induction and mitochondrial dynamics maintenance.

• The insulin-like growth factors were recently suggested as key regulators of myogenic factors
to regulate muscle development. The relationship between IGF2 and mitochondrial function in
skeletal muscle cells remained unclear.

• This research intended to investigate physical exercise’s impact on IGF2 and analyzed its functions
and possible regulatory pathway on mitochondria in skeletal muscle cells in vitro.
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Supplementary Figure1： 

 

 

 

Supplementary Figure1. The expression of IGF2 among different tissues from 

the online different datasets. We used the online RNA-Seq datasets from different 

projects: the GTEx (https://www.gtexportal.org/home/) , BioGPS (http://biogps.org/) , 

and SAGE (https://www.ncbi.nlm.nih.gov/geo/browse/) to evaluate the expression of 

IGF2 among different major tissues. 
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Supplementary table 1: 

Primer sequences for qRT-PCR. 

Gene Prime 

mGAPDH F: 5'-CCATGTTCGTCATGGGTGTGAACCA-3' 

 R: 5'-GCCAGTAGAGGCAGGGATGATGTTC-3' 

mIGF2 F: 5'-AGTTCTGCTGCTGCTTATTG-3’ 

 R: 5'-CTACCTGGCTAGTCATTGG-3’ 

mMT1 F: 5'-CCTATCACCCTTGCCATCAT-3'  

 R: 5'-GAGGCTGTTGCTTGTGTGAC-3' 

mMT2 F: 5'- GTTAATGTAGCTTAATAACAAAGCAAAGC-3’ 

 R: 5'-TAGTTGGGTAGTAGGTGTAAATGTATGTG-3’ 

mMT3 F: 5'-ATTGGATCAACAAATCTCCTAGG-3' 

 R: 5'-TTGTTAATGTTTATTGCGTAATAGAGTATG-3' 

nDNA(mouse) F: 5'-ATGGAAAGCCTGCCATCATG-3' 

 R: 5'-TCCTTGTTGTTCAGCATCAC-3' 

mND1 F: 5'-GCTTTACGAGCCGTAGCCCA-3' 

 R: 5'-GGGTCAGGCTGGCAGAAGTAA-3' 

mND2 F: 5'-CCATCAACTCAATCTCACTTCTATG-3' 

 R: 5'-GAATCCTGTTAGTGGTGGAAGG-3' 

mND3 F: 5'-TAGCCTCGTACCAACACATGA-3' 

 R: 5'-AGTGGTGAAATTCCTGTTGGA-3'  

mND4 F: 5'-CGCCTACTCCTCAGTTAGCCA-3' 

 R: 5'-TGATGTGAGGCCATGTGCGA-3'  

mND4L F: 5'-AGCTCCATACCAATCCCCATCAC-3’ 

 R: 5'-GGACGTAATCTGTTCCGTACGTGT-3’ 

mND5 F: 5'-GCCAACAACATATTTCAACTTTTC-3’  

 R: 5'-CGCATCAGCCTTCGAACT-3’ 

mND6 F: 5'-CTTGATGGTTTGGGAGATTGG-3' 

 R: 5'-ACCCGCAAACAAAGATCACC-3' 

CytB F: 5'-AGACAAAGCCACCTTGACCCGAT-3' 

 R: 5'-ACGATTGCTAGGGCCGCGAT-3'  

COX1 F: 5'-TCAACATGAAACCCCCAGCCA-3' 



 R: 5'-GCGGCTAGCACTGGTAGTGA-3'  

COX2 F: 5'-ACCTGGTGAACTACGACTGCT-3’ 

 R: 5'-TCCTAGGGAGGGGACTGCTC-3’ 

COX3 F: 5'-CCAAGGCCACCACACTCCTA-3’  

 R: 5'-GGTCAGCAGCCTCCTAGATCA-3’ 

ATP6 F: 5'-CCATAAATCTAAGTATAGCCATTCCAC-3' 

 R: 5'-AGCTTTTTAGTTTGTGTCGGAAG-3' 

ATP8 F: 5'-AACATTCCCACTGGCACCTT-3' 

 R: 5'-TCGTTCATTTTAATTCTCAAGGGGT-3'  

PGC1α F: 5'-AGCCGTGACCACTGACAACGAG-3' 

 R: 5'-GCTGCATGGTTCTGAGTGCTAAG-3'  

SIRT1 F: 5'-AACAATTCCTCCACCTGAGC-3’ 

 R: 5'-TCCCACAGGAGACAG AAACC-3’ 

 

 

Supplementary Table 2 ： 

Characteristics of the included studies 

GSE accession Cases  Controls Exercise duration Exercise form 

GSE28998 7 Self-control 12-week Resistance exercise 

GSE117525 72 Self-control 24-week Resistance exercise 

GSE9103 20 20 4-year Aerobic exercise 

GSE24235 14 Self-control 12-week Resistance exercise 

GSE27536 12  Self-control 8-week Resistance exercise 

GSE47881 44  Self-control 20-week Resistance exercise 

GSE27543 3 3 3-week Resistance exercise 

GSE45426 7  8 24-hour Resistance exercise 

GSE83352 42 Self-control 8-month Aerobic exercise & 

Resistance exercise 

GSE139258 6 Self-control 18-day Aerobic exercise 


