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Ribonucleotides are basic monomeric building blocks for RNA considered as conditionally essential nutrients.
They are normally produced in sufficient quantity, but can become insufficient upon stressful challenges. The
administration of pyrimidine nucleotides, such as cytidine-5'-monophosphate (5'-CMP) and uridine-5'-mono-

Eu:mon phosphate (5-UMP), enables rats to endure prolonged exercise. However, the underlying mechanisms have
ndurance . . . . . .
Mitochondria remained elusive. To investigate these mechanisms, we studied the effect of 5'-CMP and 5'-UMP on muscular

differentiation and mitochondrial biogenesis in myoblast C2C12 cells. 5'-CMP and 5'-UMP were found to increase
the mRNA levels of myogenin, which is a myogenic regulatory protein expressed during the final differentiation
step and fusion of myoblasts into myotubes. 5-CMP and 5'-UMP also promoted myoblast differentiation into
myotube cells. 5'-CMP and 5'-UMP further increased the mRNA levels of PGC-1a which regulates mitochondrial
biogenesis and skeletal muscle fiber type. In addition, 5-CMP and 5'-UMP increased mitochondrial DNA copy
number and enhanced mRNA levels of slow-muscle myosin heavy chains. Moreover, cytidine and uridine, nu-
cleosides corresponding to 5-CMP and 5-UMP, markedly promoted myotube formation in C2C12 cells.
Considering the metabolism and absorption of nucleotides, the active bodies underlying the effects observed with
5-CMP and 5-UMP could be cytidine and uridine. In conclusion, our results indicate that 5'-CMP and 5'-UMP
can promote myogenic differentiation and mitochondrial biogenesis, as well as increase slow-twitch fiber via the
activation of myogenin and PGC-1a. In addition, 5-CMP and 5-UMP may be considered as safe and effective
agents to enhance muscle growth and improve the endurance in skeletal muscles.

Myogenic differentiation

satellite cells into myoblasts. Myogenin is essential for myoblast differ-
entiation, and it acts in the late stages of myogenesis to regulate

1. Introduction

Skeletal muscles represent a highly regenerative organ. Injuries to
skeletal muscles trigger the proliferation of satellite cells. These prolif-
erating satellite cells and their progeny are often referred to as myogenic
precursor cells or myoblasts. After several rounds of cell divisions,
myoblasts fuse with each other to form multinucleated myotubes.
Myotubes repair skeletal muscle by forming new muscle fibers or by
fusing with pre-existing muscle fibers [1].

The satellite cell differentiation process is regulated by myogenic
regulatory factors (MRFs), including MyoD, myogenic factor 5 (Myf5),
MRF4, and myogenin. MyoD and Myf5 allow for the differentiation of

myoblast fusion [2].

Skeletal muscles are broadly classified into slow-twitch (type I fibers)
and fast-twitch (type II fibers) fibers. Type I fibers have a slower twitch
speed but higher endurance, as well as contain more mitochondria. Type
II fibers, symmetrically, have a faster twitch speed but a lower endur-
ance. The fast-twitch fibers are further divided into subtypes including
type Ila fibers, type IIb fibers, and type IIx fibers, according to their
predominantly expressed isoform of myosin heavy chain (MyHC).
MyHC1 (encoded by MYH7), MyHC2A (MYH2), MyHC2X (MYH1), and
MyHC2B (MYH4) are expressed in Type I, IIa, type IIx, IIb fibers,

Abbreviations: 5°-CMP, Cytidine-5'-monophosphate; 5’-UMP, Uridine-5'-monophosphate; FBS, Fetal bovine serum; BS, Bovine serum; MRF, Myogenic regulatory
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respectively [3]. Myh7 is expressed not only in developing skeletal
muscles, but also in adult skeletal muscles [4].

The peroxisome proliferator-activated receptor gamma coactivator
1-alpha (PGC-1a) is a metabolic regulator involved in mitochondrial
biogenesis and skeletal muscle fiber type determination. PGC-la is
highly expressed in skeletal muscles. Its expression levels are higher in
slow-muscle fibers versus fast muscle fibers, and increased by endurance
exercise. Mice presenting with muscle-specific increased PGC-1a have a
significantly increased proportion of slow-muscle fibers compared to
wild-type mice [5-7].

Ribonucleotides are basic monomeric building blocks for RNA that is
essential for all life activities. Nucleotides are normally biosynthesized
from amino acids and glycolytic metabolites, but they easily become
deficient under stressful conditions such as trauma, infectious diseases,
fatigue, and rapid growth in infants. Dietary nucleotides play a promi-
nent role in mediating the rapid proliferation of cells required for
optimal function. The human breast milk contains a higher concentra-
tion of nucleotides compared to bovine milk or bovine milk powder,
while nucleotides are supplemented in many infant formulas. Therefore,
dietary nucleotides are considered as safe and conditionally essential in
the presence of a variety of physiological stresses [8,9].

Nucleotides are not only used for RNA synthesis, but were also
claimed to exert various biological activities such as enhancement of
immune function, liver protection, and brain activity promotion
[10-12]. Cytidine-5'-monophosphate (5’-CMP) and uridi-
ne-5'-monophosphate (5'-UMP) belong to the class of pyrimidine ribo-
nucleotides. Pyrimidine ribonucleotides consist of a phosphate group, a
pentose sugar ribose, and the pyrimidine nucleobase. 5'-CMP and
5-UMP include cytosine and uracil as the pyrimidine nucleobase,
respectively. As a biological activity for muscles, it has been reported
that rats treated intramuscularly with a mixture of 5'-CMP and 5'-UMP
(3.0 mg/kg 5'-UMP, 2.5 mg/kg 5'-CMP) during 10 consecutive days
were able to endure long-term exercise on a treadmill [13]. However,
the underlying mechanisms were not yet clearly established.

Here, we investigated the effect of 5'-CMP and 5-UMP on muscular
differentiation and mitochondrial biogenesis to clarify its possible
mechanisms in myoblast C2C12 cells.

2. Materials and methods
2.1. Cell culture

Mouse C2C12 myoblast cells (RIKEN BRC, RCB0987) were provided
by the RIKEN BRC. C2C12 cells were grown in Dulbecco’s Modified
Eagle Medium (DMEM), low glucose supplemented with 10% fetal
bovine serum (FBS), 100 units/ml of penicillin, and 100 pg/ml of
streptomycin. The cells were incubated at 37 °C in a humidified atmo-
sphere with 5% of CO,. The cells were plated at 25,000 cells/well in 24-
well plates and incubated until they reached a 70-90% confluence. To
initiate differentiation, the media was replaced by DMEM supplemented
with 2% of heat-inactivated bovine serum (BS), 100 units/ml of peni-
cillin, and 100 pg/ml of streptomycin. In parallel with induction of
differentiation, 5-CMP disodium salt, 5'-UMP disodium salt, cytidine
and uridine (YAMASA, Chiba, Japan) were added to the medium to give
a final concentration of 1-5 mM. The controls were left untreated. The
medium was changed at least every other day.

2.2. Total RNA isolation and quantitative RT-PCR

Total RNA was extracted from the cells using an RNeasy Mini kit
(QIAGEN, Hilden, Germany). In brief, mRNA was reverse transcribed
using a ReverTra Ace qPCR RT Kit (TOYOBO, Osaka, Japan). The mRNA
levels were quantified using a Thermal Cycler Dice Real Time System
(Takara Bio, Shiga, Japan) with a GoTaq qPCR Master Mix (Promega,
Madison, USA). The PCR amplification consisted of an activation of
polymerase at 95 °C for 2 min, followed by 40 cycles of denaturation at
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95 °C for 15 s and annealing and extension at 60 °C for 1 min. The
expression levels of the target genes were normalized to p-actin. The
primer sequences used are listed in Table 1.

2.3. Mitochondrial DNA analysis

Mitochondrial DNA (mtDNA) analysis was performed as previously
described [14]. Briefly, total DNA was extracted from the cells using a
DNeasy Blood & Tissue Kit (QIAGEN). Then, MtDNA copy number in
total DNA was quantified by measuring expression levels of a
mitochondrial-encoded gene (Cox2) by quantitative RT-PCR. MtDNA
copy number was normalized to the expression level of a
nuclear-encoded gene (Cyclophilin A [Ppia]). The primer sequences
used are listed in Table 1.

2.4. Measurement of myotube diameter

Myotubes from five culture fields located near the center of the wells
were photographed using an optical microscope (100x magnification).
In each field, the top 10 thickest myotubes were selected visually and
their diameter was measured using the ImageJ software. In a total of 50
myotubes for each well, the average diameter was calculated.

2.5. Statistical analysis

All the experimental data were presented as the mean + standard
error of the mean. Student’s t-test was used for the comparison of two
means. One-way analysis of variance, followed by Dunnett’s test was
used for the comparison of three or more means. All statistical analyses
were performed with the JMP14 software (SAS Institute, Cary, USA). P
< 0.05 was considered to indicate a statistically significant difference.

3. Results

3.1. 5'-CMP and 5'-UMP induce myogenin expression and promote
myogenic differentiation

Considering that 5-CMP and 5'-UMP enhanced the effect of endur-
ance training in rats, we hypothesized that 5'-CMP and 5-UMP may
promote muscle differentiation and muscle repair. We evaluated the
effect of 5-CMP and 5'-UMP on the expression of myogenin, a myogenic
regulatory factor expressed following the differentiation of myoblasts
into multinucleated myotubes. We found that 5'-CMP (1 and 5 mM) and
5-UMP (1 and 5 mM) significantly increased myogenin mRNA levels,
compared to the control (Fig. 1A).

In addition, 5'-CMP and 5'-UMP promoted myogenin expression, and
they appeared to accelerate myotube formation upon microscopic
observation (Fig. 1B). Therefore, the effect of 5-CMP and 5-UMP on
myogenic differentiation was evaluated by measuring myotube cell
diameter. C2C12 cells were cultured in a differentiation medium and
treated with 1 mM 5'-CMP or 1 mM 5'-UMP for 5 days. We found that 1
mM 5-CMP or 1 mM 5'-UMP significantly increased myotube diameter
(Fig. 1C). Taken together, these results suggest that 5'-CMP and 5'-UMP
promote myotube formation by enhancing myogenin expression in
C2C12 cells.

3.2. 5'-CMP and 5'-UMP activate the expression of PGC-1a and Myh?7,
as well as enhance mitochondrial biogenesis

It has been reported that 5-CMP and 5'-UMP increase the effects of
endurance training in rats. Therefore, we hypothesized that 5'-CMP and
5-UMP may promote mitochondrial biogenesis and the synthesis of
slow-twitch fibers. We evaluated the effects of 5-CMP and 5'-UMP on
the mRNA levels of PGC-la, a master regulator of mitochondrial
biogenesis, and Myh?7, the predominant isoform of MyHC in slow-twitch
type I fibers. 5'-CMP and 5'-UMP significantly increased PGC-1a. mRNA
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Table 1
The primers used in this paper.
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Genes Forward primer Reverse primer

Myogenin 5'- CCTTGCTCAGCTCCCTCA -3’ 5'- TGGGAGTTGCATTCACTGG -3/
Pgc-1a 5'- TATGGAGTGACATAGAGTGTGCT -3’ 5'- CCACTTCAATCCACCCAGAAAG -3’
Myh7 5'- ACTGTCAACACTAAGAGGGTCA -3' 5'- TTGGATGATTTGATCTTCCAGGG -3/
P-Actin 5'- CATCCGTAAAGACCTCTATGCCAAC -3' 5'- ATGGAGCCACCGATCCACA -3’
Ppia 5'- ACACGCCATAATGGCACTGG -3’ 5'- CAGTCTTGGCAGTGCAGAT -3’
Cox2 5'- CCATAGGGCACCAATGATACTG -3 5'- AGTCGGCCTGGGATGGCATC -3’

levels in a dose-dependent manner (Fig. 2A). In addition, 5'-CMP and 5'-
UMP significantly increased Myh7 mRNA levels (Fig. 2B). The effect of
5'-CMP and 5’-UMP on mitochondrial biogenesis was next evaluated by
measuring mtDNA copy number. We found that 5'-CMP and 5'-UMP
significantly increased mtDNA copy number in a dose-dependent
manner (Fig. 2C). Together, these results suggest that 5'-CMP and 5'-
UMP promote mitochondrial biogenesis and increase slow-twitch fiber
by activating the expression of PGC-1a and Myh7 in C2C12 cells.

3.3. Corresponding nucleosides promote myogenic differentiation

The orally ingested nucleotides are hydrolyzed to nucleosides by
alkaline phosphatases and nucleotidases, which are then absorbed pri-
marily as nucleosides via nucleoside transporters within the gastroin-
testinal tract [15,16]. Considering that 5'-nucleotidases are present in
the serum, nucleotides are rapidly degraded to nucleosides in the serum
[17]. We evaluated cytidine and uridine, which are nucleosides corre-
sponding to 5-CMP and 5-UMP, respectively. Cytidine significantly
promoted myotube formation (Fig. 3). Similarly, uridine increased
myotube formation (Fig. S1). These findings indicate that nucleosides
corresponding to 5-CMP and 5-UMP induce myogenic differentiation.

4. Discussion

Nucleotides are considered as conditionally essential nutrients
because they tend to be deficient under stress conditions [9]. Intense and
prolonged exercise also constitutes a form of physiological stress. Sub-
lingual nucleotides formulations, containing 5'-CMP, 5'-UMP, guanosi-
ne-5'-monophosphate and adenosine-5-monophosphate, prolong run
time to exhaustion in young physically active men [18], while rats
treated with a mixture of 5-CMP and 5'-UMP can tolerate prolonged
exercise [13]. In the human study described above, it is unclear which
nucleotides contributed to the improvement of endurance. Furthermore,
excessive consumption of purines increases the risk of gout, so pyrimi-
dine nucleotides are preferred over purine nucleotides such as 5'-AMP,
5’-GMP for supplements. In this work, we report a novel role of 5'-CMP
and 5-UMP in regulating myogenic differentiation, mitochondrial
biogenesis, and muscular fiber type in C2C12 cells.

Myogenin promotes the fusion of myoblasts into myotubes and
developing myofibers [19]. Leucine is used as a sports nutrition to
promote protein synthesis, which it also enhances myogenin expression
and myoblast differentiation in vivo and in vitro [20,21]. Our data
showed that 5-CMP and 5-UMP activate myogenin expression and
promote myoblasts differentiation into myotubular cells.

Our data further indicated that 5-CMP and 5'-UMP activate the
expression of PGC-1a and Myh7 and promote mitochondrial biogenesis
in C2C12 myotubes. PGC-la is a metabolic regulator involved in
determining mitochondrial biogenesis and skeletal muscle fiber differ-
entiation. Myh7 is the predominant isoform of MyHC in slow-twitch
type 1. Alpha lipoic acid, a coenzyme that functions in the mitochon-
dria and improves muscular endurance, also prevented metabolic
anomalies through an upregulation of PGC-1a [22,23].

The orally ingested nucleotides are hydrolyzed to nucleosides by
alkaline phosphatases and nucleotidases, which are then absorbed pri-
marily as nucleosides through nucleoside transporters within the

gastrointestinal tract. After absorption in the gastrointestinal tract, nu-
cleosides reach the liver via the portal vein and enter the circulation to
be utilized by various organs. Some absorbed nucleosides contribute to
the biosynthesis of nucleic acid derivatives such as nucleoside mono-
phosphate, nucleoside diphosphate, nucleoside triphosphate, nucleotide
sugar, and CDP-choline [15,16]. We evaluated cytidine and uridine
similarly to 5-“CMP and 5-UMP and found that cytidine and uridine
markedly promote myotube formation. Since 5'-CMP, 5'-UMP, cytidine
and uridine are highly polar compounds, they unable to diffuse across
the cell membrane by passive diffusion. Carrier proteins are responsible
for the diffusion of nucleosides and nucleotides across the plasma
membranes of most cells. Nucleotides are rapidly degraded to nucleo-
sides in blood, and nucleotide transporters are localized in mitochondria
but rarely in the plasma membrane. Uptake of nucleosides or nucleo-
bases via nucleoside transporters plays a major role in the salvage
pathway of nucleotide biosynthesis. Considering the absorption, distri-
bution, and metabolism of nucleotides, the active bodies underlying of
the effects observed in 5-CMP and 5-UMP were identified as cytidine
and uridine. Moreover, 5'-CMP and 5'-UMP are expected to be effective
when taken orally. Because of the high oral bioavailability of nucleo-
tides [24], oral intake is appropriate for clinical application of 5'-CMP
and 5'-UMP.

These results suggest that 5’-CMP and 5’-UMP support muscle repair
and strengthening by promoting muscle differentiation, as well as
muscular endurance by activating on mitochondrial biogenesis. These
functions of 5'-CMP and 5'-UMP may contribute to the improvement of
endurance exercise capacity reported in rats and humans.

A limitation of the study is lacking of depth analysis. In vitro assays
such as Western blot of PGC-1a and myogenin, immunostaining of MHC,
mitochondrial staining, accurate estimation of nucleotides concentra-
tion in cultures have not been verified. Another limitation is that the
mechanisms of action underlying the observed effects were not
completely elucidated. 5-‘CMP and 5-UMP are known to be absorbed
into the gastrointestinal tract as cytidine and uridine, while some of
them are metabolized into nucleic acid derivatives. Cytidine, uridine, or
nucleic acid derivatives may induce the expression of myogenin and
PGC-1a by acting on receptors or sensors, which remain to be identified.
Besides, it has been reported that rats treated with a mixture of 5'-CMP
and 5'-UMP were able to endure long-term exercise, however, the acti-
vation of myogenin and PGC-1 in animals ingested 5’-CMP and 5'-UMP
have not been verified. Additional studies should be required to further
support the hypothesis and to determine the detailed mechanisms of
action.

Our study highlights the essential role of pyrimidine nucleotides, 5'-
CMP and 5'-UMP, in the regulation of myogenic differentiation, mito-
chondrial biogenesis, and skeletal muscle fiber type. 5'-CMP and 5'-UMP
promote not only myogenic differentiation but also mitochondrial
biogenesis, as well as increase slow-twitch fiber via the activation of
myogenin and PGC-1a. Considering the metabolism and absorption of
nucleotides, and the myogenic effect of cytidine and uridine, the active
bodies recruited could be cytidine and uridine. 5'-CMP and 5'-UMP are
thus considered as safe and effective agents to enhance muscle growth
and improve endurance in skeletal muscles.
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Fig. 1. 5'-CMP and 5'-UMP activate myogenin expression and promote myotube formation

(A) Relative myogenin mRNA levels. Total RNA was extracted from C2C12 cells after 6 days of differentiation in culture with 5'-CMP and 5'-UMP. Myogenin mRNA
levels were evaluated using real-time PCR. Myogenin mRNA levels were normalized to p-actin mRNA levels. Each bar represents the relative mRNA levels to un-
treated controls. Data are expressed as mean + standard error of the mean (SEM) (n = 6) *P < 0.05 compared to the untreated controls. (B) Images of differentiated
C2C12 cells. Cells were treated with 5-CMP or 5'-UMP for 5 days, then photographed under a phase contrast microscopy. Scale bar, 100 pm. (C) Diameter of C2C12
myotubes. The myotubes were photographed using a phase contrast microscope (100x magnification) within five culture fields near the center of the well. The top 10
thickest myotubes in the photograph were selected visually and their diameter was measured with the ImageJ software. The average diameter of 50 myotubes for
each well was then determined. Data are expressed as mean + SEM (n = 6) *P < 0.05 compared to the untreated controls.
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Fig. 2. 5-CMP and 5'-UMP enhance the expres-
sion of PGC-la and Myh7, as well as promote
mitochondrial biogenesis

(A) Relative PGC-1ao mRNA levels. (B) Relative
Myh7 mRNA levels. Total RNA was extracted
from the cells after 6 days of differentiation in
culture with 5-CMP and 5-UMP. The mRNA
levels were normalized to p-actin. Each bar rep-
resents relative mRNA levels to untreated con-
trols. Data are expressed as mean + standard
error of the mean (SEM) (n = 6) *P < 0.05
compared to untreated controls. (C) Relative
mtDNA copy number. Total DNA was extracted
from the cells after 6 days of differentiation in
culture with 5-CMP and 5-UMP. Relative
mtDNA copy number was calculated as the ratio
of Cox2 to Ppia levels measured by real-time
quantitative PCR. Each bar represents the rela-
tive value to untreated control. Data are
expressed as mean + SEM (n = 3) *P < 0.05
compared to the untreated controls.
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Fig. 3. Cytidine promotes myotube formation

Diameter of C2C12 myotubes. C2C12 cells were cultured in differentiation
medium and treated with cytidine for 5 days. Data are expressed as mean +
standard error of the mean (n = 6) *P < 0.05 compared to untreated controls.
Cyd, cytidine.
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