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Abstract.

BACKGROUND: A low-frequency electromagnetic field (LF-EMF) exerts important biological effects on the human body.
OBJECTIVE: We previously studied the immunity and atrophy of gastrocnemius muscles in rats with spinal cord injuries and
found that LE-EMF with a magnetic flux density of 1.5 mT exerted excellent therapeutic and preventive effects on reducing
myotubes and increasing spatium intermusculare. However, the effects of LF-EMF on all stages of skeletal myogenesis, such as
activation, proliferation, differentiation, and fusion of satellite cells to myotubes as stimulated by myogenic regulatory factors
(MRFs), have not been fully elucidated.

METHODS: This study investigated the optimal LF-EMF magnetic flux density that exerted maximal effects on all stages of
C2C12 cell skeletal myogenesis as well as its impact on regulatory MRFs.

RESULTS: The results showed that an LF-EMF with a magnetic flux density of 2.0 mT could activate C2C12 cells and upregulate
the proliferation-promoting transcription factor PAX7. On the other hand, 1.5 mT EMF could upregulate the expression of MyoD
and myogenin.

CONCLUSION: LF-EMF could prevent the disappearance of myotubes, with different magnetic flux densities of LF-EMF
exerting independent and positive effects on skeletal myogenesis such as satellite cell activation and proliferation, muscle cell
differentiation, and myocyte fusion.
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1. Introduction

The human body possesses a natural, stable, but weak current that is able to generate a magnetic
field if it is channeled through a non-closed and non-uniform polarization layer as thin and translucent
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as a muscle fiber [1-3]. The non-uniform polarization layer is formed by a concentration gradient of
cations across the cell membrane [4,5]. A low-frequency electromagnetic field (LF-EMF) exerts essential
biological effects on the human body, and an LF-EMF within 300 Hz has been demonstrated to stimulate
neovascularization, osteogenesis, and nerve regeneration [6—8]. Recently, LF-EMF application has been
shown to enhance the recovery of muscle and tendon injuries [9,10].

Physical activity is significantly affected by skeletal muscle atrophy. Besides genetic disorders of
muscular atrophy such as Duchenne muscular dystrophy, skeletal muscle atrophy can also be classified
as disuse atrophy or neurogenic atrophy. Unlike genetic conditions, both these situations may occur on
muscle cells that are physiologically normal [11,12]. Patients with disuse atrophy of skeletal muscles can
achieve partial rehabilitation with the help of functional exercises, whereas those with neurogenic skeletal
muscle atrophy face more challenges during recovery [13,14]. In neurogenic skeletal muscle atrophy,
the denervated muscle is prone to aberrant connective tissue proliferation and eventually irreversible
atrophy [15]. Recently, a mechanical exoskeleton has been invented as a means to provide ambulatory
support to patients with neurological injury [16]. However, the success of this exoskeleton is heavily
dependent on non-atrophic skeletal muscles.

Satellite cells are myogenic stem cells and have the potential to differentiate into either new muscle
fibers or new nuclei to power existing muscles. Satellite cells appear to be responsive to various types of
stimulation such as ultraviolet light, hormones, environmental pressure, friction, and injuries between
muscle fibers. These stimulations cause satellite cells to transform into myoblast and muscle cells and
finally fusing into functional myotubes [17]. Myogenic regulatory factors (MRFs), especially MyoD
and myogenin, are responsible for inducing satellite cell differentiation and are critical in facilitating
muscle recovery [18]. MyoD regulation represents a key step in the process of transcribing myoblast-
specific genes that ultimately direct satellite cells to differentiate into myoblasts [19]. In contrast,
myogenin is mainly involved in the promoter region and is important in modulating myoblast fusion into
myotubules. Nevertheless, satellite cells are first activated by regulating the myogenic transcription factor
PAX7 [20,21]. This study investigates how LF-EMF affects C2C12 cell skeletal myogenesis. We also
explored the optimal magnetic flux density of LF-EMF for each stage of myogenesis to verify the safety
and functions of LF-EMF in in vitro experiments. Our findings provide a theoretical framework for the
clinical application of LF-EMF in translational medicine.

2. Materials and methods
2.1. Low-frequency electromagnetic system

The home-produced solenoid (equipment for LF-EMF production) consists of a 5 mm thick polyvinyl
chloride cylinder measuring 24 mm in diameter that is made from 200 turns of 0.9 mm diameter copper
wire. The conductive coil is a Helmholtz coil, with LF-EMF production driven by a signal generator and
three amplifiers that create a static and alternating current. This device was able to produce a magnetic
flux density between 0 mT and 2.5 mT =+ 2% and a 50 Hz frequency. A meter (Model EFA-2; Wandel and
Goltermann, Minden, Germany) was used to measure magnetic flux density. Specific data are shown in the
reference [22]. The solenoid was placed in an incubator of continuously controlled humidity regulation
maintained at 5% CO» and 37°C. Measurements were recorded by a lab-view program (control system).

2.2. Cell culture

The C2C12 cell line is a subclone of the C2 mouse myoblast cell line and was procured from the
American Type Culture Collection (CRL-1722). Cells were cultured in a high-glucose Dulbecco’s
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modified Eagle’s medium (DMEM; Gibco, USA), supplemented with 10% heat-inactivated fetal bovine
serum (FBS; Invitrogen, USA), 1% penicillin/streptomycin solution (Biological Industries, USA), and
4 mM I-glutamine (Biological Industries, USA).

2.3. Cell treatment

Cells were allowed to culture until they were confluent before they were harvested and seeded into flasks
at a density of 9.7 x 10 cells/flask. The cells were continuously maintained at 37°C in an atmosphere of
5% COs. Experiments investigating the proliferative ability of cells were performed in cells cultured with
DMEM supplemented with 10% FBS and 1% penicillin/streptomycin. Experiments examining cell fusion
and differentiation instead used cells cultured in DMEM supplemented with 2% horse serum (Invitrogen)
and 1% penicillin/streptomycin. Experimental groups involved were the control (CTR) group (0 mT),
low-energy (LEN) group (1.5 mT), and high-energy (HEN) group (2.0 mT), with six flasks treated for
12 h/day for 5 days. Sampling and inspection were done daily.

2.4. Cell proliferation

A cell counting method was used to evaluate cell proliferation. Briefly, the culture solution was diluted
10 times and placed onto a blood cell counting plate. The number of cells in the square under a microscope
(Leica, Germany) was then quantified to determine the total cell count.

2.5. Immunofluorescent staining and myoblast differentiation into myocytes

Cells were plated on coverslips and cultured using the appropriate cell media. Cells of each stage were
cultured for a day in an incubator either with (exposed) or without (control) LF-EMF exposure. Cells
were rinsed using PBS and fixed for 15 min in 4% paraformaldehyde. Cell morphology was observed
using a phase-contrast microscope (Olympus Company, Japan). Pax7, MyoD, and myogenin levels
were evaluated using direct fluorescence by first incubating the cells with anti-Pax7, anti-MyoD, and
anti-myogenin toxin (Sigma, USA) for an hour in PBS buffer. Cells were then rinsed three times with PBS
before the Hoechst 33342 stain was used to highlight cell nuclei. A fluorescence microscope (Olympus
IX51; RT Slider SPOT Diagnostic Instruments, Japan) was then used to observe cell fluorescence. The
MyoG-positive cells rate was determined by dividing the number of MyoG-positive cells by the total
number of myocytes. The rate of MyoG-positive cells was calculated by averaging the results obtained
from five separate images using the ImagelJ software.

2.6. RNA extraction and real-time quantitative polymerase chain reaction

Cells in various stages of proliferation, differentiation, and fusion were collected on the first, second,
third, fourth, and fifth days, respectively, and homogenized on ice in 1 mL of Trizol reagent. Cell
supernatant was obtained by centrifugation at 12,000 rpm for 10 min. Subsequently, 250 L of chloroform
was inserted, and samples were re-centrifuged before adding 0.8 volumes of isopropanol. The supernatant
was incubated for 15 min at —20°C and centrifuged again. Precipitates were washed with 75% ethanol
before adding DEPC water to dissolve RNA residue. Reverse transcription and RNA detection were
carried out in compliance with protocols stipulated by the manufacturer (Servicebio Technology Co.,
Ltd., Wuhan, China). The primers and reaction conditions are shown in Table 1.
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Table 1
Specific primers for real-time polymerase chain reaction analysis
Primer Sequence
Pax7 5’-CTCAGTGAGTTCGATTAGCCG-3’
3’- CGCTGTTTCCCTTGGCAGA-5’
MyoD 5’-CGGGACATAGACTTGACAGGC-3’

3’-AGATACTACTGGGCACAAAGCT-5’
Myogenin 5’-GAGACATCCCCCTATTTCTACCA-3’

3’-GCTCAGTCCGCTCATAGCC-5’
GAPDH 5’-AAACCRGCCAAGTATGATGA-3’

3’- TCATTCTTTGGGACCTGGTG-5’

2.7. Western blotting

Pax7, MyoD, and myogenin protein expressions (Sigma, USA) were evaluated by Western blotting.
A cell lysis buffer that included protease inhibitors was used to homogenize the cells for 20 min on
ice. Samples were then centrifuged for 15 min at 12,000 x g before the supernatant was collected for
quantification of protein concentration using a bicinchoninic acid assay protein quantification kit (Abcam,
USA). Protein samples were diluted to achieve a standard uniform concentration with a protein extraction
reagent. Protein samples were exposed to loading buffer at a ratio of 1:4 v/v before the sample was
boiled for 15 min. Equal amounts of protein samples (10 pg) were separated using sodium dodecyl
sulfate — polyacrylamide gel electrophoresis (8%—12% acrylamide gels) before being transferred onto
a polyvinylidene difluoride membrane (Millipore, Waltham, MA, USA). 5% non-fat milk in Tween 20
(TBST) solution and tris-buffered saline was used to block membranes for 2 h at room temperature.
Membranes were then incubated with primary antibodies at 4°C. TBST was used to rinse the membranes
three times before secondary antibodies were added. The mixture was allowed to incubate for another
2 h at room temperature. Protein bands were imaged using enhanced chemiluminescence (CW Biotech,
Beijing, China) and assessed with densitometry using the Image Quant TL software (GE Healthcare,
Uppsala, Sweden).

2.8. Statistical analysis

All statistical analyses were performed using SPSS26.0. Data are depicted in terms of mean + SD.
Variances between groups were evaluated using the one-way analysis of variance. The S-N-K method
was used for multiple comparisons when the variances were uniform, and the Kruskal-Wallis H test was
used when the variances were uneven. Statistical significance was granted to P values of < 0.05.

3. Results
3.1. LF-EMF promotes satellite cell proliferation and the upturn fusion of myocytes

In contrast to the LEN group, the HEN group augmented satellite cell proliferation on the first (P <
0.05) and second days (P < 0.01), but proliferation subsequently declined thereafter (P < 0.001)
(Fig. 1A). Likewise, the rate of MyoG-positive cells was enhanced in the HEN group in contrast to the
CTR group from the second day (P < 0.01, P < 0.001), while the LEN group demonstrated augmented
the rate of MyoG-positive cells compared to the other two groups throughout the experiment (P < 0.01,
P < 0.001) (Fig. 1B). Our findings demonstrate that low- and high-energy LF-EMFs promoted the
proliferation of satellite cells, whereas the low-energy LF-EMF was more effective in promoting the late
differentiation of myocytes.
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Fig. 1. Effect of LF-EMF on C2C12 cell proliferation (A) and the MyoG-positive cells rate (B) *: P < 0.05, **: P < 0.01, ***:
P <0.001.

3.2. High-energy LF-EMF activates satellite cells

Low-energy LF-EMF increased the concentration of PAX7 only on the first and third days of LF-EMF
therapy (P < 0.05, P < 0.01). There were no significant differences at any other time seen between
the LEN and CTR groups. Likewise, the HEN and LEN groups did not differ significantly in terms of
PAX7 expression on the third and fourth days (P = 0.442, P = 0.063). In contrast, high-energy LF-EMF
upregulated PAX7 compared to the CTR group throughout the duration of the experiment (P < 0.05,
P < 0.01, P <0.001) (Fig. 2A). Immunofluorescence staining images revealed that the number of blue
nuclei in the LEN group was similar to that of the CTR group from the fourth day, while the HEN group
had significantly more blue nuclei than the other two groups from the second day. In contrast, PAX7
protein expression (green fluorescence) was higher on the first and fifth days in the LEN group than
in the CTR group, with higher PAX7 protein expression in the HEN group throughout the experiment
(Fig. 2B). These findings suggest that LE-EMF could upregulate in vitro PAX7 mRNA levels and that the
high-energy LF-EMF was more effective than low-energy LF-EMF.

3.3. Low-energy LF-EMF promotes the differentiation of myoblasts

Muscle differentiation was induced by DMEM/F-12 supplemented with 2% (v/v) horse serum. In
contrast to the CTR group, the level of MyoD in the HEN group on the first and second days was
significantly raised (P < 0.05, P < 0.01). MyoD was significantly upregulated in the LEN group
compared with the other two groups throughout the experiment (P < 0.05, P < 0.01, P < 0.001)
(Fig. 3A). Immunofluorescence staining showed that C2C12 cells changed into spindle-shaped myoblasts.
The CTR group demonstrated a gradual increase in the number of nuclei, with the LEN group having
significantly more nuclei than the other two groups. Levels of the MyoD protein increased slowly in the
CTR group, with significantly more MyoD protein in the LEN group than in the HEN group (Fig. 3B).
These findings demonstrate that low-energy LF-EMF was better at stimulating myoblast differentiation
into myocytes.
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Fig. 2. (A) Level of PAX7 mRNA in C2C12 cells with Western blotting and (B) immunofluorescence staining images showing
the activation and proliferation of C2C12 cells over 5 days. *: P < 0.05, **: P < 0.01, ***: P < 0.001.

3.4. Low-energy LF-EMF promotes the late differentiation

The late differentiation of myocytes was induced by DMEM/F-12 supplemented with 2% (v/v) horse
serum. Myogenin expression did not significantly differ between CTR and HEN groups, but there was
a significantly higher expression in the LEN group throughout the experiment (P < 0.01, P < 0.001)
(Fig. 4A). Moreover, the number of nuclei in the CTR group significantly increased in differentiated
myoblasts. CTR and HEN groups did not demonstrate any variability in terms of myogenin protein
expression, in contrast to the LEN group, which did express higher levels of the myogenin protein from
the second day compared to the other two groups (Fig. 4B). These results indicated that LF-EMF induced
late differentiation of myocyte, especially in the LEN group.
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Fig. 3. (A) Level of MyoD mRNA in myoblasts and Western blotting and (B) immunofluorescence staining images showing the
differentiation of myoblasts over 5 days. *: P < 0.05, **: P < 0.01, ***: P < 0.001.

4. Discussion

LF-EMF-based therapies have a wide range of medical applications and have been used in delayed union
of fractures, stress fractures, bone nonunion, tendon and ligament repair, pain and edema of soft tissues,
ulcer healing, protection of cerebral ischemia, and osteoporosis [8§-10,23-26]. LF-EMF is non-invasive,
more penetrable, less affected by the transmission medium, and reaches target sites easier [27]. Recovery
of muscle injuries, as well as muscle maintenance and growth, depending on skeletal myogenesis. This
complex biological phenomenon involves myoblast development, differentiation, fusion into primary and
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Fig. 4. (A) Level of Myogenin mRNA in muscle cells and Western blotting and (B) immunofluorescence staining images showing
the MyoG-positive cells over 5 days. **: P < 0.01, ***: P < 0.001.

secondary myotubes, and finally maturation into fully developed adult muscle fibers [28]. Skeletal muscles
of adult mammals are extremely stable, with minor damage caused by daily wear and tear, maintaining
the slow metabolism of muscle fibers, ensuring that they retain their ability of rapid regeneration in severe
muscle injury. In-depth studies have identified several transcription factors and MRFs associated with
muscle regeneration and repair after injuries and diseases. Among these include PAX7, MRFs, heat shock
protein, and the MAPK signaling pathways [29-33]. Several studies outlining the specific roles of these
transcription factors and protein kinases in detail in relation to myosatellite cell proliferation, myoblast
differentiation, and muscle cell fusion already exist. However, how LF-EMF regulates transcription
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factors during the entire process of skeletal muscle regeneration, as well as the optimal energy for each
stage of skeletal muscle development from myosatellite cells to myotubes, have yet to be identified.

Skeletal muscle regeneration is similar to embryonic muscle development. The most critical part of
this process is the activation and proliferation of satellite cells [34]. Studies have found that continuous
activation depletes satellite cells and stagnates skeletal muscle recovery [35,36]. LF-EMF has been proven
to exert a proliferation-promoting effect on human umbilical vein endothelial cells, mouse bone cells,
endothelial progenitor cells, human epidermal stem cells, and vascular smooth muscle cells [37]. In
efforts to deepen the understanding of the role of LF-EMF in muscle repair, we found that high-energy
LF-EMF promoted muscle cell proliferation better in the early stage of the experiment, especially on
the first and second days, indicating that the LF-EMF had an effect on myoblast cell proliferation.
These findings mirrored those of Acharya et al., who found that ELF-EMF stimulation enhanced cellular
proliferation [19].

The transcription factor PAX7 is considered to be the most important factor for activating and prolifer-
ating satellite cells [38]. Interestingly, we found that low-energy LF-EMF increased the concentration
of PAX7 only on the first and third days of LF-EMF therapy (P < 0.05, P < 0.01), with no significant
difference seen between the LEN group and the CTR group at any other time point. The HEN and LEN
groups demonstrated no significant difference in terms of PAX7 expression on the third and fourth days.
The present study showed that the magnetic flux density of 2.0 mT for an LF-EMF was beneficial in
stimulating C2C12 cell proliferation as indicated by the PAX7 upregulation and satellite cell proliferation.

The regeneration of skeletal muscles is a dynamic process that is dominated by satellite cells that are
usually present between the sarcolemma and basal lamina of myofibers. Until there is a stimulus for muscle
growth or repair, satellite cells are usually mitotically quiescent. Several pathological (such as injury
and degenerative diseases) and physiological stimuli (such as exercise) are able to generate a committed
population of myoblasts that can either fuse with each other to form new myofibers, repair damaged
muscle fibers or fuse with existing myofibers. Myf5 and MyoD are both key players in the development of
muscle cells from myosatellite cells. Previous studies on double knockout MyoD-null/Myf5-null mouse
revealed the complete absence of skeletal myoblasts. MyoD has also been shown to function as a switch
in the differentiation of myoblasts [39,40]. In this study, a lower magnetic flux density of 1.5 mT for an
LF-EMF induced the differentiation of myoblasts more effectively than 2.0 mT LF-EMF. Besides, the
MyoG exerts significant regulatory functions on primary myotube fusion with secondary multi-nucleated
regenerating myotubes. In contrast, compared with the late differentiation-promoting effect of 1.5 mT
LF-EME, an LF-EMF with a magnetic flux density of 2.0 mT had little effect on the late differentiation of
muscle cells. This study comprehensively evaluates the effects of different LF-EMF intensities on each
stage of skeletal muscle regeneration and development in this study.

5. Conclusion

LF-EMF application was able to modulate satellite cell development into functional muscle fibers, likely
through its effect on various transcription factors and MRFs. Moreover, we noted different effects of LF-
EMF with different magnetic flux densities. Satellite cell activation and proliferation were triggered with
higher energy LE-EMF of 2.0 mT, which was used in this study. However, once the myogenic program
was induced, a lower magnetic flux density (1.5 mT) was necessary to trigger myoblast differentiation.
Since the myoblasts and muscle cells are both unstable in their respective intermediary states, higher
magnetic flux density may cause more cellular stress and heat under the same duration of stimulation.
Based on the results of these in vitro experiments, we suggest that LF-EMF therapy using different
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magnetic flux densities may be more effective than single magnetic flux density in stimulating muscle
repair in clinical practice.
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