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Abstract

Background/Aims: MOTS-c belongs to a group of mitochondrial peptides involved in
metabolic processes in the body. This peptide has garnered increasing attention since its
discovery in 2015 because of its potential to ameliorate metabolic parameters in animals with
diabetes or insulin resistance. MOTS-c is involved in muscle metabolism; however, little is
known about its role in fiber differentiation. Materials: We conducted a study to explore the
effect of MOTS-c on cellular processes using the C2C12 and L6 cell lines, representing different
metabolic types of muscle fibers. The research methods were real-time PCR, Western blot, and
lipid accumulation measurement. Results: Notably, our investigations revealed that MOTS-c
increased the survival of C2C12 cells at doses of 10 and 100 nM (p<0.01) and stimulated the
phosphorylation of extracellular signal-regulated kinase within 5 min of incubation (p<0.05).
Remarkably, these effects were not observed in L6 cells; however, both cell lines showed a
reduced rate of proliferation. Furthermore, MOTS-c promotes the differentiation of C2C12
cells by increasing the expression of muscle regulatory factors, but it does not produce such an
effect in L6 cells. Additionally, cells were treated with physiological concentrations of free fatty
acids and MOTS-c, unveiling an augmentation in lipid accumulation observed in L6 cells and
a decrease in lipid accumulation in C2C12 cells. Conclusion: In conclusion, our findings have
suggested a diverse response to MOTS-c depending on the type of muscle fibers, particularly

in the domains of survival, cell differentiation, and lipid accumulation.

© 2025 The Author(s). Published by
Cell Physiol Biochem Press GmbH&Co. KG

Introduction

Cell differentiation demands a massive amount of energy investment—the cell
undergoes shape modifications and a complete reconstruction of its protein composition.
A cell activated for differentiation loses its potential for further differentiation, although
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this potential might be preserved in the initial stage of differentiation. In the muscle tissue,
satellite cells play a role in generating new muscle fibers. Positioned at the periphery of the
fibers, they become activated in response to factors such as tissue damage. In the postnatal
period, the satellite cells constitute approximately 30% of all cells in the muscle tissue. In
adulthood, these cells account for only 5% [1]. A definitive marker of satellite cells is the
expression of the paired box 7 (PAX7) transcription factor, which becomes inactive upon
initiating the cell differentiation process. During differentiation, protein factors, known as
muscle regulatory factors (MRFs), precisely guide the cell from the myoblast to the myotube
[2]. Upon activation, myogenic factor 5 (myf5) protein expression was increased. During
early differentiation, the myoblast determination protein 1 (myoD) factor participates in the
early stage of differentiation, thus curbing cell proliferation by repressing Myf5 expression
and activating myogenin expression [3]. Subsequently, muscle regulatory factor 4 (MRF4)
collaborates with myogenin to shape multinuclear tubes [3]. These intricate processes, as
previously mentioned, demand substantial energy expenditure. Notably, differentiation
significantly increases mitochondrial enzymatic activity [4].

Mitochondria transcend their role as energy sources and producers of diverse peptides
termed mitochondrial-derived peptides (MDPs) [5]. The mitochondrial open reading frame
of the 12S rRNA-c (MOTS-c), an MDP, is a relatively understudied peptide comprising
16 amino acids [6], and it was discovered in 2015. MOTS-c is a vital indicator of cellular
metabolic state [7]. This peptide has been demonstrated to promote cellular glucose uptake
and enhance fatty acid oxidation in the adipocytes [8, 9]. However, the interplay between
MOTS-c and other tissues remains an actively developing area of research. While MOTS-cis a
peptide of greatimportance for cellular metabolism, its function in muscle cell differentiation
remains inadequately understood. MOTS-c enhances muscle performance and diminishes
myostatin expression [10], suggesting a growth-promoting effect on the skeletal muscle
tissue. Therefore, this study aimed to investigate the influence of MOTS-c on the physiological
features of muscle fibers in an in vitro model using two cell lines, namely, C2C12 and L6.

Materials and Methods

Cell culture and cell differentiation

The murine C2C12 and rat L6 cell lines were purchased from the European Collection of Authenticated
Cell Cultures. Cells were cultured in a growth medium Dulbecco’s Modified Eagle Medium (DMEM)
containing 4.5 g/L glucose and L-glutamine, supplemented with 10% fetal bovine serum and 1% penicillin-
streptomycin. The cells were maintained at 37°C in a humidified 5% CO2 incubator. When the cells reached
90% confluence, the growth medium was replaced with a differentiation medium: DMEM supplemented
with 2% horse serum [11]. The medium was replenished with fresh medium at 2-day intervals throughout
the experiments.

Cell viability

We performed the 3-[4, 5-dimethylthiazol-2-yl]-2, 5 di-phenyl tetrazolium bromide (MTT) assay to
evaluate cell viability. This assay is based on living cells converting MTT into formazan crystals. Cells were
seeded into 96-well plates containing growth medium and cultured for 24 h. The growth medium was then
replaced with an experimental medium supplemented with 0.2% bovine serum albumin (BSA), and the cells
were exposed to various concentrations of MOTS-c (1, 10, and 100 nM). After 24 h, MTT solution was added
and incubated for 1 h. Subsequently, the medium was removed, and the resulting crystals were dissolved
with 100 pl of dimethyl sulfoxide. The absorbance was detected using a Synergy 2 microplate reader (BioTek
Instruments, Winooski, VT, USA).

RNA isolation and qRT-PCR

Total RNA was isolated using the EXTRAzol reagent (Gdansk, Poland) according to the manufacturer’s
instructions. Briefly, 1 pg of total RNA was used to obtain cDNA. Reverse transcription of the cDNA was
performed using a High-Capacity cDNA Reverse Transcription Kit (Life Technologies, Grand Island, NY,
USA). Real-time polymerase chain reaction (PCR) was performed using QuantStudio™ 12K Flex™ with 5x
HOT FIREPol® Eva-Green® qRT-PCR Mix Plus (ROX) and gene-specific primers. The specificity of the PCR
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Target Forward primer (5’ > 3’) Reverse primer (5’ > 3’) Product size (bp)
GAPDH (Mus) ATGGTGAAGGTCGGTGTGA AATCTCCACTTTGCCACTGC 84
Myogenin (Mus) CGGTGGAGGATATGTCTGTTG GGTGTTAGCCTTATGTGAATGG 215
Myh3 (Mus) ATGAGCGGCGTGTTAAGGA ATTGACTTGCGATTCTGCGATA 227
Mhc4 (Mus) TCACCTACCAGACCGAGGAG TCTCCTGTCACCTCTCAACAGA 290
MyoD (Mus) AGCACTACAGTGGCGACTCA GGCCGCTGTAATCCATCAT 75
Fabp4 (Mus) AAGAGAAAACGAGATGGTGACAA CTTGTGGAAGTCACGCCTTT 62
Glut4 (Mus) GCCACGATGGAGACATAGC GACGGACACTCCATCTGTTG 115
PPARy (Mus) CCACAGACTCGGCACTCAAT CCAAGAATACCAAAGTGCGAT 131
GAPDH (Rattus) CTGCACCACCAACTGCTTAG TGATGGCATGGACTGTGG 92
Myogenin (Rattus) CTACAGGCCTTGCTCAGCTC TGGGAGTTGCATTCACTGG 101
MyoD (Rattus) ACTACAGCGGCGACTCAGAC ACTGTAGTAGGCGGCGTCGT 122
Myh3 (Rattus) GCAGAGACCATCAAGCACCT GTGCAGCTGGGTGTCCTT 60
Mhc4 (Rattus) CCTGCCTCCTTCTTCATCTGG TGCATTTTGCCAGAAGGTGC 718
Fabp4 (Rattus) AACACCGAGATTTCCTT ACACATTCCACCACCAG 179
Glut4 (Rattus) ATCTTGATGACGGTGGCTCT ACGATGGACACATAACTCATGG 65
PPARy (Rattus) CAGGAAAGACAACAGACAAATCA GGGGGTGATATGTTTGAACTTG 95

assay products was ascertained by determining the melting points (0.1°C/s transition rate). Relative gene
expression was quantified using the 2-AACt method, with GAPDH as the reference gene. Primer sequences
used in the qRT-PCR assay are listed in Table 1.

Protein isolation

Total proteins were obtained using a radioimmunoprecipitation assay buffer (RIPA). Protein
concentration was measured using a BCA protein concentration assay kit (Thermo Scientific, Waltham, MA,
USA) according to the manufacturer’s instructions.

ERK1/2 phosphorylation

For western blotting analysis, cells were seeded into 6-well plates containing a growth medium for
24 h. Following removing the medium, the cells were washed with phosphate-buffered saline (PBS). The
medium was replaced with an experimental medium supplemented with 0.2% for 3 h. The medium was
again replaced with a medium supplemented with 100 nM MOTS-c, wherein cells were treated for 5, 10,
15, 30, and 45 min. The cells were then lysed immediately in cold radioimmunoprecipitation assay buffer,
after which the lysate was transferred to tubes and centrifuged at 13000xg for 10 min. The supernatant was
collected for protein isolation, and the protein concentration was quantified using the bicinchoninic acid
method. The resulting protein sample was used for the subsequent western blot analysis at -80°C.

Western blot assay

The protein sample (30 pg) was loaded and resolved on a 12% Tris-HCl SDS-PAGE gel, and the
separated proteins were transferred onto a polyvinylidene difluoride membrane. The blotted membranes
were incubated overnight at 4°C with primary antibodies. After incubation, the membranes were washed
thrice with Tris-buffered saline buffer, and the membranes were incubated with secondary antibodies for 1
h. Signals were visualized using the ChemiDoc system (Bio-Rad, USA).

Lipid accumulation and ORO staining

0il red O (ORO) staining was performed on differentiated myotubes. Cells were seeded in 96-well
plates containing a growth medium. After reaching 90% confluence, the cells were differentiated using a
differentiation medium for 6 days, with medium replacement occurring every second day.

Subsequently, myotubes were treated with PBS, and the medium was supplemented with 100 nM
MOTS-c alongside 0.2% BSA and free fatty acids, including oleic, stearic, and palmitic acid at concentrations
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of 200 pM. Fatty acids were conjugated with BSA overnight before the experiment [12]. After 24 h, cells were
fixed with 10% paraformaldehyde, followed by ORO staining.

The ORO working solution was prepared by mixing the ORO solution and distilled water in a 6:4 ratio.
Following a 20-minute incubation, the solution was filtered using a 0.2-pm syringe filter. During this time, the
cells were rinsed with distilled water, followed by a 60% isopropanol solution, and subsequently dried. The
ORO working solution was then applied for 10 min. The cells were immediately rinsed thrice with distilled
water. The cells were wholly dried and dissolved in 100% isopropanol for quantification. Absorbance was
read using a Synergy 2 Multi-Mode Microplate Reader (BioTek Instruments, Inc., Winooski, VT, USA).

Acetate Uptake

C2C12 or L6 cells were seeded and differentiated in 12-well plates as described above. Next, cells were
incubated in a Krebs-Ringer phosphate buffer (KRB) (25 mM HEPES [pH 7.4], 118 mM NaCl, 4.8 mM KCl,
1.3mM CacCl2, 1.2 mM KH2PO4, 1.3 mM MgS04, 5 mM NaHCO3, 0.2% bovine serum albumin, and 5.5 mM
glucose). After the preincubation, cells were incubated for 30 min in Krebs-Ringer buffer in the presence or
absence of MOTS-c (100 nmol/L). Next, KRB buffer with C14-acetate sodium (18 kBq/pmol) was added, and
cells were incubated for 20 min. Then, ice-cold PBS was added. The cells were lysed using 0.1% SDS. Lysates
were transferred into scintillation liquid, and B-radiation was measured.

Lipogenesis

Lipogenesis was measured by the evaluation of C14-acetate sodium incorporation into lipids. C2C12
or L6 cells seeded and differentiated in 12-well plates as described above. After differentiation, cells were
treated with or without MOTS-c (100 nmol/L) in KRB buffer containing 0.1% BSA. KRB was supplied
with 10 puM sodium acetate and C14-acetate per well to stimulate lipogenesis. Myotubes were incubated
for 16 h at 37°C in lipogenesis medium. After incubation, Dole’s extraction mixture was added to stop the
reaction. Subsequently, H20 and heptane were added, and the upper phase containing the lipid fraction was
transferred to scintillation liquid for b-counting.

Statistical analysis

Statistical analysis was performed using GraphPad Prism 6.0 software (GraphPad Software, San Diego,
CA, USA). One-way analysis of variance was applied for calculations, supplemented by a Dunnett post hoc
test (in comparison with the control group) or Tukey post hoc test (for intergroup comparisons), alongside
unpaired Student’s t-test (two-tailed distribution) for *p<0.05 and **p<0.01. The results are presented as
the arithmetic mean+SEM.

The murine C2C12 cell line and the rat L6 cell line were purchased from the European Collection of
Authenticated Cell Cultures. Cells were cultured in a growth medium (Dulbecco’s Modified Eagle Medium
(DMEM) containing 4.5 g/L glucose and L-glutamine), supplemented with 10% fetal bo-vine serum and
1% penicillin-streptomycin. The cells were maintained at 37°C in a humidified 5% CO2 incubator. When
the cells reached 90% confluence, the growth medium was replaced with a differentiation medium: DMEM
supplemented with 2% horse serum [11]. Throughout the experiments, the medium was replenished with
fresh medium at 2-day intervals.

Results

Effect on viability and ERK phosphorylation

We investigated the effect of the MOTS-c peptide on the survival of the tested cell lines.
MOTS-c could increase survival in C2C12 cells (10 and 100 nM; both p<0.01; Fig. 1A), yet no
discernible effect was noted on survivalin L6 cells (Fig. 1B). We then assessed cell proliferation
based on proliferating cell nuclear antigen (PCNA) protein expression. We observed that
MOTS-c exerted an inhibitory effect on the proliferation of both C2C12 cells (100 nM, p<0.05;
Fig. 1C) and L6 cells (10 nM, p<0.01; Fig. 1D). In the subsequent investigation into the effect
of MOTS-c on the phosphorylation of extracellular signal-regulated kinases (ERK), we found
an increase in ERK kinase phosphorylation in the C2C12 line after 5 and 10 min (p<0.05; Fig.
1E). Conversely, no alterations in ERK kinase phosphorylation were identified in L6 cells.
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Effect on differentiation in C2C12 cells

To assess the effect of MOTS-c on cell differentiation, we examined the expression of
genes related to MRFs. Our findings indicated an upregulated expression of myogenin after
48 h (10 nM, p<0.05; Fig. 2A) and myoD (10 nM, p<0.05; Fig. 2B). At the protein level, we
observed an increase in the expression of myogenin (100 nM, p<0.05; Fig. 2C) and myoD (1

Fig. 1. Effect of MOTS-c on the survival of
C2C12 (A) and L6 (B) cell lines. Changes in
PCNA expression after incubation with MOTS-c
in C2C12 (C) and L6 (D) cell lines. The process
of ERK1/2 kinase phosphorylation after the
addition of MOTS-c in C2C12 (E) and L6 (F) cell
lines. The results are shown as a percentage of the
control group (set to 100%), as mean+standard
error of the mean (SEM). Statistically significant
differences are represented as *p<0.05 and
**p<0.01 versus the corresponding control group
using a one-way analysis of variance followed by
Dunnett’s post hoc test.

Fig. 2. Effect of MOTS-c on the differentiation
of C2C12 cells after incubation for 2 days.
Expression-related changes in myogenin (A)
and myoD (B), and gene and protein (C, D),
respectively. Expression of Myh3 (E) and Mhc4
(F) myosin chains. The results are shown as a
percentage of the control group (set to 100%), as
mean+SEM. Statistically significant differences
are represented as *p<0.05 and **p<0.01 versus
the corresponding control group using a one-way
analysis of variance followed by Dunnett’s post
hoc test.
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and 10 nM, both p<0.05; 100 nM, p<0.01; Fig. 2D). Further exploration into the expression
of myosin chain genes yielded no significant effect of MOTS-c at any tested dose after 48 h of
incubation (Fig. 2E and F).

The same parameters were re-evaluated with the tested peptide after a 6-day incubation
period. Our findings revealed elevated myogenin gene expression (10 nM, p<0.01; Fig. 3A)
and an increase in myoD (10 nM, p<0.05; Fig. 3B). The increase in these factors mirrored at
the protein level—myogenin expression was upregulated at all tested doses of MOTS-c (1
and 100 nM, p<0.01; 10 nM, p<0.05; Fig. 3C), while myoD expression exhibited an increase
at 10 and 100 nM doses (10 nM, p<0.05; 100 nM, p<0.01; Fig. 3D). After the 6 days, we
observed amplified myosin gene expression in both myosin heavy chain 3 (Myh3) (Fig. 3E)
and myosin heavy chain 4 (Mhc4) at the 10-nM dose (10 nM, p<0.05; Fig. 3F).

Effect on differentiation in L6 cells

The investigation into cell differentiation extended to the L6 cell line. For the 48-h
incubation period, no alteration in myogenin expression was detected (Fig. 4A). However, an
increase in myoD expression was observed (100 nM, p<0.05; Fig. 4B). There are no changes
in myogenin protein expression (Fig. 4C) and myoD (Fig. 4D). Expression analysis of myosin
chains indicated an increase in Mhc4 expression (10 nM, p<0.05; Fig. 4F), while Myh3 gene
expression remained unchanged (Fig. 4E).

The examination continued after 6 days of incubation, yet no effect of MOTS-c on L6 cell
lineage differentiation was demonstrated. No changes in myogenin gene expression (Fig.
5A) and myoD (Fig. 5B) were observed. Additionally, no changes were observed in myogenin
protein expression (Fig. 5C) or myoD (Fig. 5D). Similarly, the expression of Myh3 (Fig. 5E)
and Mhc4 (Fig. 5F) myosin chain genes remained unaffected.

Effect of MOTS-c on lipid accumulation in tested cell lines

Subsequently, we elucidated the effect of MOTS-c influence on lipid accumulation in fully
differentiated C2C12 and L6 myotubes. After 24 h of incubation with fatty acids and MOTS-c,
C2C12 cells exhibited diminished stearic acid accumulation (p<0.001), oleic acid (p<0.01),

Fig. 3. Effect of MOTS-c on the differentiation of
C2C12 cellsafter 6 daysofincubation. Expression-
related changes in myogenin (A) and myoD
(B), and gene and protein (C, D), respectively.
Changes in the expression of Myh3 (E) and Mhc4
(F) myosin chains. The results are shown as the
percentage of the control group (set to 100%), as
mean+SEM. Statistically significant differences
are represented as *p<0.05 and **p<0.01 versus
the corresponding control group using a one-
way analysis of variance followed by Dunnett’s
post hoc test.
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Fig. 4. Effect of MOTS-c on the differentiation
of L6 cells after 2 days of incubation. Changes
in myogenin (A) and myoD (B), and gene
expression and protein (C, D), respectively.
Expression-related changes in the Myh3 (E) and
Mhc4 (F) myosin chains. The results are shown
as a percentage of the control group (set to
100%), as mean+SEM. Statistically significant
differences are presented as *p<0.05 versus the
corresponding control group using a one-way
analysis of variance followed by Dunnett’s post
hoc test.

Fig. 5. Effect of MOTS-c on the differentiation of
L6 cells after 6 days of incubation. Expression-
related changes in myogenin (A) and myoD
(B), and gene and protein (C, D), respectively.
Changes in the expression of Mhc4 (E) and
Myh3 (F) myosin chains. The results are shown
as a percentage of the control group (set to
100%), as mean+SEM.

and fatty acid mixture (p<0.01). Notably, MOTS-c did not affect palmitic acid accumulation
(Fig. 6A). Contrastingly, the L6 cell line demonstrated more accumulation of stearic acid
(p<0.05), oleic acid (p<0.05), and palmitic acid (p<0.01). The acid mix showed no significant
changes (Fig. 6B).
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Effects of MOTS-c on lipogenesis and sodium acetate uptake

The impact of MOTS-c on lipogenesis in both C2C12 and L6 cell lines showed no
significant changes (Figures 7A and 7B). However, when examining sodium acetate uptake, a
significant reduction was observed in C2C12 cells (*p<0, 05; Fig. 7C), while L6 cells exhibited
no notable changes in uptake (Fig. 7D). These findings underscore the contrasting metabolic
responses of the two cell lines to MOTS-c treatment.

Effects of MOTS-c on genes related to metabolic activity

Analyzing metabolic activity genes in response to MOTS-c treatment revealed significant
differences between the two cell lines. In C2C12 cells, there was a notable increase in
peroxisome proliferator-activated receptor y (PPARy) gene expression following MOTS-c
treatment (*p<0, 05; Fig. 8A). In contrast, L6 cells demonstrated a significant decrease in
PPARYy expression (*p< 0, 01; Fig. 8B), suggesting that MOTS-c may influence adipogenic
pathways differently in these cell lines.

Regarding fatty acid binding protein 4 (FABP4) expression, C2C12 cells showed no
significant changes following MOTS-c treatment (Fig. 8C). However, L6 cells exhibited a

Fig. 6. Effect of MOTS-c on lipid accumulation in C2C12 (A)
and L6 (B) muscle cells. The results are shown as a percentage
of the control group (set to 100%), as mean+SEM. Statistically
significant differences are represented as *p<0.05, **p<0.01,
***p<0.001 versus the corresponding control group using
unpaired Student’s t-test (two-tailed distribution).

Fig. 7. Effect of MOTS-c on intensity of lipogenesis
in C2C12 cell (A) and L6 cells (B) and sodium
acetate transport to the C2C12 cell (C) and L6
cells (D). The results are shown as mean+SEM.
Statistically significant differences are presented
as *p<0.05 versus the corresponding control group
using a one-way analysis of variance followed by
Dunnett’s post hoc test.
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substantial reduction in FABP4
expression (*p<0, 05; Fig. 8D),
highlighting the differential effects
of MOTS-c on lipid metabolism-
related genes.
Lastly,theglucosetransporter-4
(GluT4) gene expression analysis
revealed no significant changes in
either C2C12 or L6 cells following
MOTS-c treatment (Figures 8E
and 8F). This lack of effect further
illustrates the specificity of MOTS-
C’s influence on metabolic activity
genes across the different cell lines.

Discussion

MOTS-c is a peptide intricately
involved in energy metabolism,
inherently linking it to tissues
central to glucose and fatty acid
metabolism. Given that muscle
tissue constitutes the primary

energy consumer in the body, our
focus turned toward exploring
the potential effect of MOTS-c on
specific aspects of cellular function
within this tissue. To this end, we
used two widely used cell lines:
murine C2C12 cells and rat L6
cells. The former belongs to the
so-called white fibers (fast-twitch)
that preferentially use glucose
as their energy source, while the
latter belongs to the so-called red fibers (slow-twitch), favoring fatty acids as their energy
substrate [13]. Consequently, these cells manifest two radically distinct metabolic fiber
types. Muscles with a predominance of fibers that primarily use glycolytic metabolism (type
2 fibers) are adapted to perform short contractions and rapid work, whereas oxidative
metabolism-dominated muscles (type 1 fibers) excel at sustained contractions and gradual
exertion [14, 15]. Other features that distinguish muscles with a predominance of white or
red fibers are rapid fatigue, high ATPase activity, fewer mitochondria, myoglobin, respiratory
enzymes, and glycogen, coupled with anaerobic activity. Conversely, red fibers exhibit the
opposite attributes—reduced fatigue, lower ATPase activity, more mitochondria, myoglobin,
respiratory enzymes, and glycogen, along with aerobic effect in red muscles [6, 22]. Given
these metabolic and structural differences in the cell lines under study, we hypothesized
that the impact of MOTS-c is different and would vary depending on the muscle fiber type,
leading us to execute all experiments performed in parallel on both cell lines.

Our initial investigation revolved around the effect of MOTS-c on muscle cell survival
using the MTT assay. Results unveil that MOTS-c significantly influences cell survival, albeit
exclusively in the C2C12 line, with no discernible impact on the L6 line. Interestingly, our
findings also suggest that MOTS-c triggers one of the pivotal pathways in the receptor
signaling cascade—ERK kinase phosphorylation. This pathway is a key player in proliferation
and differentiation processes [16, 17]. In L6 cells, this effect does not occur at all. To ensure

Fig. 8. Effect of MOTS-c on the expression of genes involved
in lipid metabolism. Expression-related changes in PPARy
in C2C12 cell (A), PPARYy in L6 cells (B), FABP4 in C2C12
cells (C), FABP4 in L6 cells (D), GluT4 in C2C12 cells (E) and
GluT4 in L6 cells (F). The results are shown as mean+SEM.
Statistically significant differences are represented as *p<0.05
and **p<0.01 versus the corresponding control group using a
one-way analysis of variance followed by Dunnett’s post hoc
test.
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that the effect of increasing survival is not related to cell proliferation, we evaluated the
PCNA proliferation marker, revealing decreased expression of this protein. Integrating
these findings, we can deduce that MOTS-c enhances cell survival not by stimulating cell
proliferation but by extending the lifespan of individual cells [18]. These outcomes lend
credence to the findings of prior studies, indicating the ability of MOTS-c to prolong cell
lifespan [19].

Delineating the processes of proliferation and differentiation as opposing phenomena
prompted our subsequent exploration: the impact of MOTS-c on the differentiation of C2C12
and L6 cells. These assessments were conducted on the 2nd and 6th days of differentiation,
allowing observation of changes in factor expression at distinct stages. Our research
focused on the myoD and myogenin genes, integral components of MRFs that orchestrate
the determination and differentiation of skeletal muscle cells during embryogenesis and
postnatal myogenesis [20]. We scrutinized gene expression at both RNA and protein levels
while exclusively assessing the RNA levels of genes encoding myosin, specifically Mhc4,
and Myh3, due to protein product size. Myosin, a hexameric protein pivotal to movement,
exclusively surfaces in mature, fully-differentiated muscle cells. Our findings unveil MOTS-c’s
differential effect on C2C12 cells on both the 2nd and 6th days of differentiation. Augmented
expression of myoD and myogenin genes was confirmed at both RNA and protein levels.
Furthermore,increased myosin gene expressionis observed on the sixth day of differentiation,
signifying progression in the process. Conversely, such pronounced effects are nearly absent
in the L6 line. Only on the second day of differentiation is an increase in myoD and myosin
gene expression noted, without concomitant changes in protein quantities. Particularly
noteworthy is the observation that on the sixth day of differentiation, MOTS-c does not elicit
any changes in differentiation markers for L6 cells. This underlines the insensitivity of L6
cells, which primarily metabolize fatty acids, to MOTS-c-induced differentiation stimulation.
By contrast, C2C12 cells, avid for glucose-derived energy, show marked susceptibility to
this factor. This indicates that MOTS-c is more engaged in glucose regulation than fatty acid
metabolism, potentially holding a more profound effect on pancreatic function than adipose
tissue. Notably, MOTS-c is not a strictly anabolic protein; while it can alleviate atrophy caused
by diabetes and palmitic acid in vitro [21], it showcases versatility in its effects. Our findings
align with Garcia-Benlloch et al. study, indicating the promoting effect of MOTS-on C2C12
cell differentiation through the IL-6/JAK/STAT3 pathway [22].

The ongoing investigation into the role of MOTS-c in energy processes has unveiled
its ability to curtail fat accumulation in white adipose tissue [23] and improve insulin
sensitivity [24, 25]. Given muscles’ strong ties to insulin signaling and their high energy
requirements, we enriched our study by subjecting cells to fatty acids to gauge their response
to MOTS-c stimulation. Research has consistently identified fat deposition in tissues beyond
the adipose tissue, particularly muscles [26], as a driver of insulin resistance and type 2
diabetes progression. Our findings indicate reduced lipid droplet accumulation in C2C12
cells under MOTS-c influence and, conversely, amplified accumulation in the L6 cell line. This
juxtaposition can be attributed to the L6 cells’ preference for fatty acids as an energy source,
coupled with a diverse effect of MOTS-c on these distinct cell lines. The lower accumulation
in C2C12 cells might result from escalated catabolism of both glucose and fatty acids, while
the heightened accumulation in L6 cells signifies increased anabolism, reflected in elevated
lipid droplet storage.

As a result of such observations, the next step was to investigate the ability of muscle
cells to synthesize fatty acids de novo in lipogenesis. The precursor of lipogenesis in this
experiment was sodium acetate, a better substrate in this process than glucose, which,
after entering the cells, can also participate in other metabolic processes [27]. We did
not observe any changes in the intensity of the lipogenesis process after using MOTS-c in
the experimental medium. This means that MOTS-c does not affect the ability of cells to
synthesize fatty acids and triglycerides endogenously, but only their ability to accumulate
lipids already synthesized.
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A complementary result for the determination of lipogenesis was the determination
of the intensity of intracellular transport of sodium acetate as a potential substrate for
further lipid synthesis in cells. In this case, MOTS-c also had no stimulatory effect on the
intracellular transport of sodium acetate in L6 cells. Moreover, for C2C12 cells, a decrease in
transport intensity was observed after treating the cells with the MOTS-c peptide. This result
additionally confirms that MOTS-c does not stimulate endogenous lipid synthesis in muscle
cells, and their possible steatosis results from the absorption of lipids synthesized in other
types of cells.

In the last step, the expression of several essential genes involved in carbohydrate-
lipid metabolism was analyzed in both cell lines. In the case of peroxisome proliferator-
activated receptor y (PPARY), an opposite effect of MOTS-c was observed on C2C12 and L6
cell lines. Once again, this proves the different metabolic nature of these lines. C2C12 cells
prefer glucose metabolism, and the PPARy receptor is involved, among others, in developing
mitochondria, cell viability, and insulin resistance. Therefore, it is unsurprising that its
expression increased in this cell line with a simultaneous decrease in the L6 cell line, which
prefers fatty acid metabolism. It is worth noting that MOTS-c also acts through the PPARy
pathway in other body cells [28].

It is, therefore, not surprising that there are no changes in the expression of the fatty
acid binding protein 4 (FABP4) gene in the C2C12 line. The decrease in the expression of this
gene in the case of the L6 line is slightly more surprising, but remember that, as our results
indicate, MOTS-c has practically no activating effect on the metabolism of these cells at any
level.

Ultimately, it was also demonstrated that there were no changes in the expression of
the glucose transporter 4 (GluT4) gene in both tested lines after treatment of cells with the
MOTS-c peptide. Considering the current results, changes in expression could be expected
in the C2C12 line. Still, the possible translocation of the Glut4 receptor to the cell membrane
under the influence of MOTS-c without changing its amount in the cell remains an open
question [29].

Conclusion

In conclusion, our study presents a distinctly different effect of MOTS-c on muscle cells,
which depends on the metabolic fiber type they embody. MOTS-c significantly influences
the physiology of C2C12 cells. It is worth noting that while our studies are conducted in
vitro, they serve as intriguing precursors to forthcoming in vivo analyses. The significance of
MOTS-c research is magnified by its potential use among athletes to augment performance
[30]. Although doping control authorities have proposed a test to detect MOTS-c in plasma
samples, the substance remains accessible on the black market. 2025 MOTS-c will be
included in the World Anti-Doping Agency’s (WADA) List of Prohibited Substances and
Methods [31]. However, in the future, after further in-depth research, MOTS-c would be used
for therapeutic purposes in people with metabolic disorders.
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