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Simple Summary: The Mongolian horse, one of the unique breeds in China, has excellent endurance
quality formed by the half-grazing and half-wild breeding feeding mode on the grassland. However,
the muscle of horses is prone to mechanical damage in the process of exercise, which can reduce
the performance of horses and even cause a series of diseases. Mammalian skeletal muscle satellite
cells (SCs) are located between the sarcolemma and the basal lamina of the muscle fiber. The SCs
will be activated once the muscles are injured. L-leucine, as an important essential amino acid,
plays an important role in the synthesis and metabolism of muscle proteins and the composition of
muscle fibers. Therefore, the study on the mechanism of L-leucine regulating the proliferation of
equine SCs can not only improve the exercise performance of horses but also reduce muscle injury of
horses during exercises. The results of this study reveal the mechanism of L-leucine promoting the
proliferation of equine skeletal muscle satellite cells.

Abstract: In response to muscle injury, muscle stem cells are stimulated by environmental signals to
integrate into damaged tissue to mediate regeneration. L-leucine (L-leu), a branched-chain amino
acid (BCAA) that belongs to the essential amino acids (AAs) of the animal, has gained global interest
on account of its muscle-building and regenerating effects. The present study was designed to
investigate the impact of L-leu exposure to promote the proliferation of equine skeletal muscle
satellite cells (SCs) on the regulation of RNA networks, including mRNA, long non-coding RNA
(IncRNA), covalently closed circular RNA (circRNA), and microRNA (miRNA) in skeletal muscles.
Equine SCs were used as a cell model and cultured in different concentrations of L-leu medium.
The cell proliferation assay found that the optimal concentration of L-leu was 2 mM, so we selected
cells cultured with L-leu concentrations of 0 mM and 2 mM for whole-transcriptiome sequencing,
respectively. By high-throughput sequencing analysis, 2470 differentially expressed mRNAs (dif-
mRNAs), 363 differentially expressed IncRNAs (dif-IncRNAs), 634 differentially expressed circRNAs
(dif-circRNAs), and 49 differentially expressed miRNAs (dif-miRNAs) were significantly altered
in equine SCs treated with L-leu. To identify the function of autoimmunity and anti-inflammatory
responses after L-leu exposure, enrichment analysis was conducted on those differentially expressed
genes (DEGs) related to IncRNA, circRNA, and miRNA. The hub genes were selected from PPI
Network, including ACACB, HMGCR, IDI1, HAO1, SHMT2, PSPH, PSAT1, ASS1, PHGDH, MTHFD2,
and DPYD, and were further identified as candidate biomarkers to regulate the L-leu-induced
proliferation of equine SCs. The up-regulated novel 699_star, down-regulated novel 170_star, and
novel 360_mature were significantly involved in the competing endogenous RNA (ceRNA) complex
network. The hub genes involved in cell metabolism and dif-miRNAs may play fundamental roles in
the L-leu-induced proliferation of equine SCs. Our findings suggested that the potential network
regulation of miRNAs, circ-RNAs, IncRNAs, and mRNAs plays an important role in the proliferation
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of equine SCs, so as to build up new perspectives on improving equine performance and treatment
strategies for the muscle injuries of horses.

Keywords: L-leucine; equine; satellite cells; RNA-seq; non-coding RNA; ceRNA network

1. Introduction

The dietary supplementation of AAs over those required for protein synthesis may
have adverse effects, such as metabolic disturbances and reduced cell proliferation, but
could be beneficial in certain situations. Therefore, the appropriate concentration of AAs is
conducive to body development and cell growth [1]. Meanwhile, it is also a potent regulator
of protein synthesis in healthy skeletal muscle and muscular atrophy [2-5]. It has been
found that essential AAs stimulate the net balance of muscle proteins in healthy volunteers,
and BCAAs promote protein synthesis to alleviate muscle pathologies in DMD mice [6-8].
Leucine (Leu), isoleucine, and valine belong to the BCAA, which makes up about one-third
of muscle protein. Leucine has the highest oxidation rate among BCAA. Leucine has been
used as a dietary supplement for athletes and older humans. [9,10]. Particularly, Leu has
been proven to accelerate the synthesis process of protein in rats at a very early age [11]
and has been proposed as a “pharmaceutical nutrient” to prevent muscle atrophy or repair
muscle damage in older adults [12]. In early studies, the potential abilities of Leu to improve
human muscle protein synthesis and health conditions had been proved, but the efficacious
dose of Leu supplement is still unknown [12,13]. Nowadays, horses are mainly used for
competitive racing and begin rigorous training at the age of one and a half years [14].
Maintaining speed, endurance, physical fitness, and desirable behavioral characteristics are
critical in equine racing [15]. Horses are prone to suffering muscle injuries during intense
exercise. In response to muscle injury, SCs integrate environmental signals in the damaged
tissue to mediate regeneration. Although SCs are mitotically quiescent, they activate in
response to injury; then, they re-enter the cell cycle and begin to proliferate, differentiate,
and fuse, eventually regenerating myofibers [16]. These environmental signals are tightly
regulated to ensure the expansion of the SC population to repair the damaged myofibers
while allowing the re-proliferation of SCs [17,18]. Therefore, it is a crucial milestone in
the equine racing career to improve performance and repair the damage after exercise.
Now, racing jurisdictions have enacted regulations based on the rigorous practices of
most thoroughbred racing countries that prohibit the presence of all compounds that may
affect the body systems [19]. In previous papers, AAs had extensive application in food
supplements, as well as activating mTORC1 to accumulate muscle synthesis. [20-23]. In
particular, Leu intake is not only associated with increased protein accretion and muscle
regeneration but also participates in the anabolic signaling pathway in skeletal muscles,
although the overall effect is limited [12,24,25]. Previous studies also demonstrated that
Leu treatment significantly altered the cellular amino acid metabolism and the fatty acid
[-oxidation pathway in human cells, respectively [26,27]; these results implied that Leu
could play other roles. Thus, we are interested in further investigating the mechanisms that
may account for the L-leu-induced proliferation of equine SCs.

Discoveries in the past decade have identified that the contributions of RNA inside
mammalian cells are much more than messenger functions [28]. Each discovery unveiled
a new layer of mystery in relation to biological regulation and function. Meanwhile, as a
research hotspot, research into non-coding RNAs (ncRNAs) started in the 1950s. [29]. RNA
species beyond mRNA include intronic RNAs, microRNAs (miRNAs), long non-coding
RNAs (IncRNAs), circular RNAs (circRNAs), and extracellular RNAs [30]. Increasingly,
further research shows that the function of ncRNAs in biological systems cannot be ignored.
Although ncRNAs were unable to function as messengers to encode proteins, they can affect
the expression of other genes through alternate mechanisms. [31-33]. There is evidence
that ncRNAs are involved in the relationship between mouse myogenesis and striated
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muscles. [34]. Recently, some miRNAs have been found to regulate the proliferation and
differentiation of rabbit and bovine SCs, which is another advance in the study of skeletal
muscle development at the molecular level [35,36]. The extensive expression of ncRNAs in
muscle has been shown to play a critical regulatory role [37]. NcRNAs will contribute to
broadening our understanding of the controlling factors of skeletal muscle function, muscle
regeneration, and disorders. These findings have important implications for improving
equine performance and repairing muscle damage.

The object of this study is to establish a network of IncRNAs, mRNAs, circRNAs, and
miRNAs in SCs in response to an appropriate concentration of L-leu exposure. We provide
a mechanistic explanation for the proliferation of SCs associated with L-leu.

2. Materials and Methods
2.1. Materials

The following materials are used in the cell culture: L-leu (#L8912), lysine (Lys, #L9037),
arginine (Arg, #A6969), Collagen I (#SCR103), Basic Fibroblast Growth Factor (bFGEF, #13256-
029), BSA (A1933), and DMSO (#C6295), which were purchased from Sigma-Aldrich, USA.
DMEM (#11995065), L-leu-deprived DMEM powder (#88425), fetal bovine serum (FBS,
#10099141C), Antibiotics-antimycotic (#15240062), and Dulbecco phosphate-buffered saline
(DPBS, #14190144) were purchased from Gibco, Life, Technologies, Grand Island, NY,
USA. Culture dish (10 and 6 cm), Cell ware 6, 24, and 96-well plates, Matrigel and cell
strainer, were purchased from Corning, NY, USA. Accutase, Cell Detachment Solution
was purchased from innovative cell technologies, SD, USA. Mouse monoclonal anti-PAX7
(#sc-81648) was purchased from Santa Cruz Biotechnology, CA, USA. Donkey anti-Mouse
IgG (H + L) was purchased from Invitrogen (#A10036, Invitrogen, Carlsbad, CA, USA).
DAPI (#C0065), Triton X-100 (#9002-93-1), and Tween 20 (#9008-64-5) were purchased from
Solarbio (Beijing, China). CCK 8 was purchased from Good Laboratory Practice Bioscience,
Montclair, CA, USA.

2.2. Animals and Sample Collection

Semitendinosus muscle samples were aseptically collected from a 6-month-old healthy
colt in a commercial abattoir during routine slaughter. The slaughter procedures and
all of the sample collections specifically complied with the guidelines approved by the
Animal Welfare Committee of Inner Mongolia Agricultural University in relation to the
experimental animals. Briefly, approximately 5 g of semitendinosus muscle was removed
and soaked in cold DPBS containing 1% antibiotics. Finally, the tissue was taken back to
the laboratory for the extraction of equine primary SCs.

2.3. Primary Culture of Equine Satellite Cells

The semitendinosus muscle sample was washed with DPBS, and the visible connective
tissue was cut out, washed again, and minced with scissors in 0.2% type I collagenase
solution. The sample was placed on a shaking table and digested in a 37 °C biochemical
incubator for 1 h. Then, the cells were centrifuged at 1500 ¢ for 5 min, and the supernatant
was removed. Subsequently, they were sifted through 100-um and 70-pum cell strainers,
respectively, and centrifuged again at 1500 x g for 5 min, and the supernatant was discarded
again. Finally, the pellet was suspended in the proliferation medium supplemented with
DMEM (11995065), 10% FBS, 1% Antibiotics-antimycotic, and 2.5 ng/mL bFGE. The differ-
ential adhesion technique was used to purify the equine SCs in order to decrease fibroblast
contamination. Briefly, the suspended cells were placed on matrigel-coated dishes for
two hours; then, the supernatant was transferred to a new matrigel-coated dish. After a
proliferation medium was added, the samples were placed in 5% CO, at 37 °C, and the
growth medium was changed after two days. Then, the purification process was repeated
so that the purity of the equine SCs was beyond 90%. On the 7th day of proliferation,
the cells were digested with accutase at 90% confluence and suspended in FBS with 10%
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DMSO. The cells gradually cooled down to —80 °C and were then frozen in liquid nitrogen
for subsequent use.

2.4. Immunofluorescence

The cells were stained with PAX7 antibodies to determine the purity of the SCs. The
cells were cultured in a 24-well matrigel-coated plate (three wells of cells per replication)
and were fixed in 4% paraformaldehyde for 15 min at room temperature; then they were
infiltrated with DPBS containing 0.1% Triton X-100 for 30 min. After being sealed with 1%
BSA solution for 1 h, the 24-well plate was placed in a refrigerator at 4 °C and incubated
overnight with the diluted primary antibody of PAX7 (1:200). After being washed with
a cleaning solution (DPBS + 0.1% Tween 20 + 0.1% Triton X-100) three times, donkey
anti-mouse IgG secondary antibody and Alexa Fluor 546 conjugate (1:500) were added,
and then incubated in a room temperature shaker for 1 h, for the detection of PAX7 in
the nucleus (color: red). Then, they were washed with cleaning solution three times, and
200 uL of DAPI solution was added and incubated for 15 min at room temperature. Then
it was washed once with a cleaning solution, and, finally, an anti-fluorescence quenching
agent was added, and it was shaken well on the shaking table. The images were taken
using an inverted fluorescence microscope within 30 min.

2.5. Cell Proliferation Rate Assay

For the L-leu-deprived DMEM, the DMEM powder (without L-leu, Arg and Lys, 88425)
was supplemented at 84 mg/L and 146 mg/L (final concentration), and the pH value was
adjusted to be consistent with DMEM. The third-generation cells were accurately detached
and counted using a CellDrop Cell Counter (Denovix, Wilmington, DE, USA) after reaching
approximately 90% confluence. The same number of cells (4000) were transferred to a
96-well plate overnight culture, later replaced with the L-leu-deprived DMEM for 12 h.
Following starvation, we cultured the cells in an L-leu-deprived medium supplemented
with various concentrations of L-leu (0 mM, 0.5 mM, 1 mM, 2 mM, 5 mM, and 10 mM) for
24 h, 48 h, and 72 h, respectively (three wells of cells for per concentration). We changed
the medium after two days during the experiment. Subsequently, 10 uL of CCK-8 solution
was added into each well and then incubated for another 4 h. The optical density (OD)
value was measured at 450 nm using a microplate reader.

2.6. Experimental Design

As described above, the third-generation cells were cultured and counted, and the
same number of cells (40,000) was transferred to the ten matrigel-coated culture dishes
(6 cm) overnight. Firstly, all of the cells were starved in L-leu-deprived DMEM for 12 h.
Then, ten dishes of SCs were randomly divided into the control group (CON) and L-leu
supplemented group (LEU) and were cultured in the L-leu-deprived medium and the
2 mM (final concentration) supplemented medium, respectively. All of the cells underwent
the process for 48 h at 37 °C under 5% CO,. After processing, the medium from each
plate was discarded, and the cells were collected. Finally, they were stored at —80 °C until
further analysis. For each group, five biological replicates were performed for each group
to increase the statistical confidence.

2.7. RNA Extraction, Library Preparation and High-through Sequencing

The total RNA was extracted using the mirVana miRNA Isolation Kit (Ambion-1561,
Thermo Fisher, Waltham, MA, USA) according to the manufacturer’s protocol. The integrity
of the RNA was evaluated using the Agilent 2100 Bioanalyzer (Agilent Technologies, Santa
Clara, CA, USA). The sequencing libraries were constructed by removing the ribosomal
RNA with the Ribo-Zero Gold rRNA Removal Kit (Illumina, RS-122-2301, Beijing, China)
according to the manufacturer’s manual. After the rRNA-depleted RNA was fragmented,
the sequencing library was constructed. Briefly, the first-strand cDNA was synthesized
using 8 uL of First Strand Synthesis Act D Mix and SuperScript II Reverse Transcriptase
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(Invitrogen, Carlsbad, CA, USA). Then, 5 uL End Repair Control and 20 pL Second Strand
Marking Master Mix were adopted for the synthesis of the second strand cDNA. The double
strands of cDNA were purified by using AMPure XP beads (BECKMAN COULTER, Brea,
CA, USA). After adenylate 3’ ends and adapters ligation, the DNA fragments were enriched
through the PCR process. The PCR mixture was incubated in the following progress: 1 cycle
at 98 °C for 30 s; 15 cycles at 98 °C for 10 s, 60 °C for 30 s, 72 °C for 30 s; 1 cycle at 72 °C
for 5 min; hold at 10 °C. Finally, the products were purified by using Agencourt AMPure
XP (BECKMAN COULTER, Brea, CA, USA), and the library quality was assessed on the
Agilent Bioanalyzer 2100 system (Agilent Technologies, Santa Clara, CA, USA).

Following the ethanol-induced precipitation and centrifugal enrichment of the small
RNA sample, the sequenced libraries extraction procedure was conducted according to the
[lumina Small RNA sample Preparation Kit (RS-200-0012) purchased by Annoroad Gene
Technology Corporation (Beijing, China).

2.8. Bioinformatics Analysis the Object of This Study Is to Establish a Network of IncRNAs,
mRNAs, circRNAs, and miRNAs in SCs in Response to an Appropriate Concentration of
Leu Exposuret

The raw reads generated during the high-throughput sequencing were fastq format
sequences. To obtain high-quality reads that could be used for later analysis, the raw reads
needed to be further quality filtered. The raw reads were filtered using the Trimmomatic
(v 0.38, http:/ /www.usadellab.org/cms/index.php?page=trimmomatic, accessed on 9 July
2022) [38] software to remove (1) the reads containing the sequencing adapter and primer
sequence, (2) the reads that had a low-quality base (base quality less than 15), (3) the reads
with N-bases (base quality less than 3), and (4) the reads with a length less than 50 bp. Using
hisat2 (v 2.1.0, http:/ /www.ccb.jhu.edu/software/hisat/, accessed on 9 July 2022) [39]
the clean reads were aligned to the equine genome (NCBI_EquCab3.0). Subsequently,
htseg-count (v 0.11.2, http:/ /www-huber.embl.de/HTSeq, accessed on 9 July 2022) [40],
Infernal (v 1.1.4, http://infernal janelia.org, accessed on 9 July 2022) [41], and CIRI (v 2.0.3,
https:/ /sourceforge.net/projects/ciri/files/CIRI2/, accessed on 9 July 2022) [42] soft-
ware were used separately to compare with the database to analyze the mRNA, IncRNA,
and circRNA. Using eXpress (v 1.5.1, https:/ /pachterlab.github.io/eXpress/, accessed on
9 July 2022) to analyze gene quantitative analysis, the FPKM value and counts value (the
number of reads for each gene in each sample) were obtained. Differentially expressed
IncRNAs and circRNAs were identified with DESeq (v 1.34.1, https:/ /bioconductor.org/
packages/release/bioc/html/DESeq2.html, accessed on 9 July 2022) [43] software, and the
p-value < 0.05 and | log, (fold change) | > 2 were assigned as significantly dif-mRNAs,
dif- IncRNAs, dif- circRNAs, and dif-miRNAs.

Then, the data were further processed and screened. The length distribution of the
clean sequences in the reference genome was determined for the primary analysis. These
RNAs were aligned and then subjected to the BLAST [44] search against Rfam (v 10.1)
(http:/ /www.sanger.ac.uk/software/Rfam, accessed on 9 July 2022) [45] and GenBank
databases (v 253.0) (http:/ /www.ncbinlm.nih.gov/genbank/, accessed on 9 July 2022). The
known miRNAs were identified by aligning them against the miRNA database (v.22) (http:
/ /www.mirbase.org/, accessed on 9 July 2022) [46], and the known miRNA expression
patterns in the different samples were analyzed. The unannotated small RNAs were
analyzed using miranda (v.3.3a, http:/ /www.microrna.org/microrna/home.do, accessed
on 9 July 2022) [47] to predict the new miRNAs. Based on the hairpin structure of a pre-
miRNA and the miRbase database, the corresponding miRNA star sequence was also
identified. Identically differentially expressed miRNAs were identified with the thresholds
of a p-value < 0.05 and | log, (fold change) | > 2.

2.9. Quantitative Real- Time PCR

Total RNA (from the CON group and LEU, n = 3) isolation was performed according to
the protocol supplied with the miRNeasy Mini Kit (Qiagen, Hilden, Germany). The cDNA
was synthesized using PrimeScript™ RT Master Mix (TaKaRa, Dalian, China) according to
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the manufacturer’s instructions. The RNA quantity and cDNA were measured using an
Epoch Microplate Spectrophotometer (Agilent Technologies, Santa Clara, CA, USA) and
agarose. The gene-specific primers used are listed in Supplementary Table S1, and the
primers were synthesized by Sangon Biotech (Beijing, China). The gene expression was
determined using the TB Green® Premix Ex Taq™ II (TaKaRa, Dalian, China) according
to the manufacturer’s instructions on a CFX96 PCR instrument (Biored, Philadelphia, PA,
USA). Finally, the relative gene expression was determined using the comparative 2~ 24€T
method, and GAPDH was used as an endogenous control.

2.10. Statistical analysis

The quantitative data were analyzed through variance using the GLM program in
SAS (v 8.0) software, and multiple comparisons were made using Duncan’s method. We
considered a p-value < 0.05 to indicate significant differences between the groups.

2.11. GO and KEGG Enrichment Analysis of the dif mRNA, dif-IncRNA, dif-circRNA
and dif-miRNA

Selecting differential transcripts with a p-value < 0.05 and | log, (fold change) | > 2,
and analyzing differential mRNA GO (http:/ /www.gpmaw.com/html/swiss-prot.html,
accessed on 9 July 2022) and KEGG (http://www.genome.jp/tools/kaas/, accessed on 9
July 2022) enrichment were performed with the Hypergeometric Distribution Test. The
p-value and g-value were used to test the reliability of the analysis.

2.12. PPI Network and Module Analysis of difmRNA

The STRING (v 10.0; https:/ /string-db.org/cgi/input.pl, accessed on 20 July 2022)
database was utilized for the analysis of the interactions between the DEG-encoded pro-
teins [48]. All of the DEGs were set by Cytoscape software (v 3.2.0; https// cytoscape.org/,
accessed on 20 July 2022). The CytoNCA [49] plug-in (v 2.1.6, https:/ /apps.cytoscape.org/
apps/cytonca, accessed on 20 July 2022) was used to analyze the topological network prop-
erties of the node. The important nodes of the PPI network can be determined by ranking
the score of every node. The most remarkable clustering modules in the PPI network were
processed by the MCODE (v 1.4.2, https:/ /apps.cytoscape.org/apps/MCODE, accessed
on 20 July 2022) [50] plug-in of the Cytoscape. A score of >5 was considered the threshold.
The GO enrichment analysis was carried out for the significant clustering module genes.

2.13. Prediction of miRNA Regulation Relationship

The targets of the differentially expressed miRNAs were predicted using Miranda soft-
ware (v 3.3a) [51] in animals with the following parameters: S > 150 AG < —30 kcal/mol
and require strict 5" seed pairing. We combined the predicted miRNA-gene relationship
together with the dif-mRNA to acquire the dif-miRNA-dif-mRNA regulatory relation-
ship. Miranda was used to predict the regulatory relationships of miRNA-IncRNA and
miRNA-circRNA.

2.14. Co-Expression Analysis of dif-IncRNA-dif-mRNA and dif-circRNA-dif-mRNA

The matrix data of dif-mRNA, dif-IncRNA, as well as dif-circRNA were calculated to
generate the correlation coefficients. The correlation tests were conducted to screen the
significant dif-mRNA-dif-IncRNA and dif-mRNA-dif-circRNA to obtain the co-expression
relationship between dif-mRNA-dif-IncRNA and dif-mRNA-dif-circRNA.

2.15. Competing Endogenous RNA (ceRNA) Network Analysis

It is well known that miRNAs are a class of endogenous ncRNAs with regulatory
functions, and their size is about 20-25 nucleotides long. A succession of nucleases cut
mature miRNAs, which are assembled to attach to mRNA and silence genes. The purpose
is to direct the degradation of the targets of silencing complexes or to block the translation
of mRNAs. We constructed a ceRNA regulatory network by integrating the expression
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profiles and the regulation of the mRNAs, IncRNAs, circRNAs, and miRNAs. Further,
we set up the IncRNA-mRNA co-expression relationship and the regulatory relationship
between miRNA and IncRNA-mRNA. According to the results, IncRNA-mRNA was found
to be only positively correlated. Therefore, we were more concerned with the miRNAs that
can regulate both IncRNA-mRNA and miRNAs that could regulate the positive correlation
co-expression relationship between mRNA and IncRNA were further obtained. The ceRNA
regulatory network was formed through Cytoscape.

Similarly, we have integrated the circRNA-mRNA co-expression relationship and
further obtained the regulatory relationship between miRNA, circRNA, and mRNA, respec-
tively. Consistent with the above results, the circRNA-mRNA only has positive correlations.
Furthermore, the positive correlation and co-expression relationship between mRNA and
circRNA regulated by these miRNAs were further analyzed. A circRNA-miRNA-mRNA
network was constructed by Cytoscape.

Integrating the two complex networks of IncRNA-miRNA-mRNA and circRNA-
miRNA-mRNA, we focused on screening miRNAs that can regulate IncRNA, circRNA, and
mRNA. Thus, we could achieve a positive correlation between these miRNAs regulating
the expression of these three RNAs.

3. Results

3.1. Culture and Identification of Equine Satellite Cells

After being cultured for 24 h, some SCs began to adhere to the wall. The cells that were
just attached to the wall were round, and some of the cells gradually extended, showing a
short spindle shape and high refractivity index. Skeletal muscle satellite cells were fully
adherent and were extended at 48 h. As shown in Figure 1, the SCs proliferated rapidly
and were arranged in parallel when cultured for 72 h.

Figure 1. Micrographs of primary equine SCs. (A) just attached to the wall; (B) 24 h after isolation;
(C) 48 h after isolation (typical SCs, with high refractive index and spindle shape); (D) 72 h after
isolation (50 pm).
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The immunofluorescence analysis showed that the nuclei of the primary equine SCs
were stained with red, indicating that PAX7 was expressed in the nucleus of the cells. The
results showed that the fluorescence activity of PAX7 reached more than 96%; that is, the
purity of primary equine SCs reached more than 96% (Figures 2 and 3).

DAPI Pax7 Merge

Figure 2. Inmunofluorescence detection the expression of PAX7 protein in primary equine SCs.
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Figure 3. Statistics analysis on the purity ratio of PAX7+ using immunofluorescence staining. Result
was presented as mean + SEM.

3.2. L-leucine Promotes Primary Satellite Cells Proliferation

The effects of the different concentrations of L-leu on the proliferation of equine
SCs were observed. The results showed that L-leu enhanced the proliferation of equine
SCs in a dose-dependent manner through the CCK-8 assays. There was no significant
difference among all of the groups after a 24 h cell culture (p > 0.05). Then, 0 mM and
10 mM were significantly lower than other groups at 48 h and 72 h (p < 0.01), and 2 mM
was significantly higher than the 0.5 mM group at 72 h (p < 0.01). Therefore, 2 mM was
the optimal supplemental level after treatments with different concentrations of L-leu
(Figure 4).
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Figure 4. The effect of L-leu on the activity of equine SCs, and with different capital letter superscripts
mean significant difference (p < 0.01), while with the same or letter superscripts mean no significant
difference (p > 0.05).

3.3. Differential Expression Analysis

The expression of the mRNA transcripts in the equine SCs in response to the L-leu
treatment (2 mM) is represented by a Volcano Plot (Figure S1), and their p-value and fold
changes are listed (Supplementary Table S2). The differentially expressed mRNA met the
following rules: p-value < 0.05 and | log, (fold change) | > 2. According to the screening
criteria, a total of 2470 dif-mRNAs were obtained, of which 1839 were up-regulated and 631
were down-regulated; 363 dif-IncRNAs were identified, of which 214 were up-regulated
and 149 were down-regulated; a total of 634 dif-circRNAs were found, of which 309 were
up-regulated and 325 were down-regulated; 49 dif-miRNAs were identified, of which 35
were up-regulated and 14 were down-regulated. The cluster diagram of dif-mRNAs, dif-
IncRNAs, dif-circRNAs, and dif-miRNAs from the two groups are shown in Figure 5; we
found that the LEU group can be significantly separated from the CON group, indicating
that the results of the differential expression analysis showed high reliability. Ten dif-
mRNAs were selected, and their expression levels were determined by qRT-PCR. All of the
genes showed consistent results for both RNA-Seq and qRT-PCR (Figure 6).

3.4. Functional Analyses of L-leucine Induced Differentially Expressed mRNAs

Furthermore, Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes
(KEGG) were performed to reveal the potential function of the differentially expressed
mRNAs (Figure 7). Figure 7 shows the top 20 GO and KEGG pathways enriched by the
up-regulated or down-regulated dif-mRNA, respectively. As shown in the figure, the
up-regulated genes were mainly enriched in the plasma membrane, interferon-gamma-
mediated signaling pathway, type I interferon signaling pathway, calcium ion binding,
response to the virus, viral myocarditis, cell adhesion molecules (CAMs), and Antigen
processing and presentation. Additionally, the down-regulated genes were significantly
associated with growth factor activity, extracellular space, amino acid transmembrane
transporter activity, inflammatory response, the chemokine signaling pathway and the rap1
signaling pathway, the TNF signaling pathway, and the regulation of actin cytoskeleton.
We also found that the up-regulated and down-regulated genes were enriched into over-
lapping pathways, including the plasma membrane, an integral component of the plasma
membrane, and extracellular space through GO analysis. In other words, their regulation
methods are the opposite.
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Figure 5. Heatmaps of Differentially Expression Molecules. (A) Heatmaps of differentially expressed
mRNAs; (B) differentially expressed IncRNAs; (C) differentially expressed circRNAs; (D) differen-
tially expressed miRNAs.

3.5. Protein—protein Interaction (PPI) Network

The PPI network based on dif-mRNA consisted of 62 nodes and 181 interaction
pairs. The nodes with high topological scores can be regarded as the key nodes in the
network. Four modules were aggregated and extracted from the PPI networks using
the MCODE (score > 5) plug-in, of which the genes were up-regulated (Figure 8A,B)
and down-regulated (Figure 8C,D). Module A (score = 8.75) contained nine nodes and
35 interaction pairs, including hydroxyacid oxidase (HAO1, degree = 29), isopentenyl-
diphosphate delta isomerase 1 (IDI1, degree = 18), and 3-hydroxy-3-methyl glutarate
monoacyl CoA reductase (HMGCR, degree = 16). Module B (score = 5.25) contained
nine nodes and 21 interaction pairs, including dihydropymidine dehydrogenase (DPYD,
degree = 19) and acetyl-coenzyme A carboxylase beta (ACACB, degree = 13). Module
C (score = 8.75) contained nine nodes and 35 interaction pairs, including phosphoserine
phosphatase (PSPH, degree = 31), loc100146156 (degree = 29), methylene terahydrofolate
dehydrogenase (MTHFD2, degree = 28), and phosphoserine aminotransferase (PSAT1,
degree = 28). Module D (score = 6) contained nine nodes and 24 interaction pairs, including
serine hydroxy methyltransferase 2 (SHMT2, degree = 32), argininosuccinate synthetase
(ASS1, degree = 25), and phosphoglycerate dehydrogenase (PHGDH, degree = 22).
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Figure 6. Histogram for RNA-Seq and qRT-PCR. (A) The histogram shows the expression level
of selected genes detected by RNA-Seq. (B) The histogram shows the relative mRNA expression
validated by qRT-PCR (1 = 3 for each gene). X-axis shows the gene symbols, and Y-axis represents
logy (Fold Chang) expression and the relative mRNA expression, respectively. The values with
different small letter superscripts mean significant difference (p < 0.05), and with a different capital
letter superscripts mean extremely significant difference (p < 0.01).
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Figure 7. Analysis of GO and KEGG Pathway. Top 20 GO pathways enriched by up-regulated or
down-regulated mRNA. (A) Top 20 GO pathways enriched by up-regulated mRNA; (B) Top 20 GO
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pathways enriched by down-regulated mRNA; (C) Top 20 KEGG pathways enriched by up-regulated
mRNA; (D) Top 20 KEGG pathways enriched by down-regulated mRNA.

Figure 8. Four modules extracted from Protein—Protein Interaction (PPI) Network. Orange diamond
represents degree value; large diamond has higher degree value. (A,B) Significant clustered up-
regulated genes from the PPI; (C,D) Significant clustered down-regulated genes from the PPI.

Furthermore, the genes in the key modules were used for the GO enrichment analysis.
The top 20 terms for each module were selected for display (Figure 9A-D). The genes in
module A were significantly involved in the regulation of cholesterol biosynthetic processes,
isoprenoid biosynthetic processes, cholesterol biosynthetic processes, and peroxisome. The
genes in module B were significantly associated with protein homotetramerization and pyri-
doxal phosphate binding. The down genes in module C were significantly associated with
protein homodimerization activity, ATP binding, magnesium ion binding, and amino acid
binding. The down genes in module D were significantly associated with folic metabolic
processes, the myelin sheath, tetrahydrofolate interconversion, amino acid binding, and
glycine metabolic processes.

3.6. Enrichment Analysis of miRNA, IncRNA and circRNA-Related Target Genes

Surprisingly, we found that 1942 miRNAs were predicted as the targets of the al-
tered miRNA after treatment with 2 mM L-leu for 48 h (Figure 10A); about 79% of the
2470 significantly changed mRNAs, the KEGG enrichment analysis was performed based
on the mRNAs that are involved in the co-expression relationship between dif-IncRNA-
dif-mRNA, dif-circRNA-dif-mRNA, and dif-miRNA-dif-mRNA. The results are shown in
bubble diagrams (Figure 10B-D). The results showed that those target genes were signifi-
cantly enriched in viral myocarditis, CAMs, allograft rejection, graft-versus-host disease,
type I diabetes mellitus, antigen processing, presentation and autoimmune thyroid dis-
ease, asthma, tuberculosis, leishmaniasis, human T-cell leukemia virus infection, and the
intestinal immune network for IgA production.
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Figure 9. The GO Enrichment Analysis of Four Modules Extracted from PPI. (A-D) Top 20 GO terms
enriched by genes in these four modules.

3.7. ceRNA Network Construction

According to the co-expression relationship of IncRNA-mRNA (top 100), combined
with the regulatory relationship of dif-miRNA-dif-mRNA and dif-miRNA-dif-IncRNA,
the IncRNA and mRNA were regulated by the same miRNA and the significantly dif-
ferentially expressed were screened. In total, 41 IncRNA-miRNA-mRNA interactions
were obtained (Figure 11), including three up-regulated and one down-regulated IncRNA,
eight up-regulated and one down-regulated mRNAs, and four up-regulated and three
down-regulated miRNAs.
Based on the co-expression relationship between circRNA and mRNA (top 100), as well
as the regulatory link between dif-miRNA-dif-mRNA and dif-miRNA-dif-cirRNA, it was
determined that the circRNA and mRNA were both significantly differentially expressed
and controlled by the same miRNA and significantly differentially expressed were screened.
The final results showed 105 circRNA-miRNA-mRNA interaction relationships. There
are four up-regulated and two down-regulated circRNAs, 20 up-regulated and three
down-regulated mRNAs, and nine up-regulated and eight down-regulated miRNAs. The
circRNA-miRNA-mRNA network is shown in Figure 12.
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Figure 10. Significantly changed mRNAs after exposure to L-leu and bubble maps of KEGG Pathway
Enrichment. (A) The ring indicated significantly changed mRNAs in the equine SCs after exposure to
L-leu; (B-D) Gene enrichment pathways regulated by differentially expressed IncRNAs, cricRNAs,
and miRNAs, respectively.

In addition, according to IncRNA-miRNA-mRNA and circRNA-miRNA-mRNA net-
works, differentially expressed circRNAs, IncRNAs, and mRNAs regulated by the same
miRNA were further screened out. Finally, 52 interaction pairs were obtained (Figure 13),
of which there were two up-regulated and one down-regulated IncRNA, three up-regulated
circRNAs, 20 up-regulated and one down-regulated mRNA, and one up-regulated and two
down-regulated miRNAs (novel699_star, up-regulated; novel170_star and novel360_mature,
down-regulated).
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Figure 11. The IncRNA-miRNA-mRNA Network. Orange diamond and green ellipse represent
the up-regulated and down-regulated genes, respectively; white rectangle and octagon show the
up-regulated and down-regulated IncRNA, respectively; red triangle and green V indicate the
up-regulated and down-regulated miRNA, respectively. The pink and blue line represents the

co-expression and regulatory relationship, respectively.
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Figure 12. The circRNA-miRNA-mRNA Network. Orange diamond and green ellipse represent the up-regulated and down-regulated genes, respectively;

white round rectangle and hexagon show the up-regulated and down-regulated circRNA, respectively; red triangle and green V indicate the up-regulated and
down-regulated miRNA, respectively. The pink and blue line represents the co-expression and regulatory relationship, respectively.
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green V indicate the up-regulated and down-regulated miRNA, respectively. The pink and blue line represents the co-expression and regulatory relationship,
respectively.
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4. Discussion

In young mammals and adults, SCs are stimulated by environmental factors in the
tissue to mediate continuous proliferation and differentiation and promote effective muscle
development. Skeletal muscle regeneration is initiated by the proliferation and differenti-
ation of SCs, which is essential for skeletal muscle growth, homeostasis, and post-injury
repair [52,53]. The common methods used for primary SCs isolation are tissue block culture
and enzymatic digestion to release cells from the sarcolemma and the basal lamina of the
muscle fiber. [54]. We obtained primary equine SCs with a purity of 90-95% by digest-
ing with type I collagenase, which were then purified using the Matrigel-coated method
and pre-plating. Pax7 is a specific marker protein of SCs, which was identified using
immunofluorescence technology [55]. This method is simple and can obtain high-purity
equine SCs. Meanwhile, it will also provide a cell model for the study of the molecular
regulation mechanism of equine skeletal muscle.

Leucine is one of the indispensable BCAAs and an essential regulator of muscle quality
by controlling protein synthesis [56]. The results have demonstrated that Leu is not only
crucial for protein synthesis in skeletal muscle tissue but is also involved in other functions
in pigs, rats, and humans, such as the regulation of energy metabolism [57], immune
function [58,59], and injury repair after exercise [60,61]. In our study, we examined the
expression profiles of the miRNA, IncRNA, circRNA, and mRNA in equine SCs following
exposure to Leu. In order to analyze these RNA species collectively, we established a
potential network successfully. It has been established that L-leu has the capacity to trigger
immunological response, protein synthesis, and other significant impacts in human muscles,
which is compatible with our findings [60,62,63]. Several previous studies have shown
that adequate Leu can increase the abundance and collagen remodeling of human SCs [61],
promote porcine SCs differentiation [64], and participate in the regulation of the mTOR
signaling pathway in chicken SCs [65]. Overall, increasing evidence suggests that Leu can
promote cell growth, muscle development, and immune response.

Whole-transcriptome sequencing refers to the sum of all types of RNA that can be
transcribed, including mRNA and ncRNA. Whole-transcriptome research on specific cells
under specific conditions can simultaneously analyze four kinds of RNAs (mRNA, IncRNA,
circRNA, and miRNA). The use of the same batch of samples not only improves the com-
parability of study results but also enables ceRNA network regulation analysis of more
than two RNA types. Whole-transcriptome sequencing reduced the screening scope and
excavated the key genes. However, other researchers found that high false positives of
whole-transcriptome sequencing could mislead the results when the coverage level is
high [66]. In this study, we used high-throughput sequencing techniques to investigate the
molecular pathways in equine SCs after exposure to L-leu. Mammalian skeletal muscle
development is a very complex process, and the mechanism of SCs involved in repairing
skeletal muscle regeneration has been studied for a long time. The destiny of SCs during
the regeneration of skeletal muscle is determined by a complicated differentiation process
that includes the following steps, differentiate and fuse with original skeletal muscle cells
to form new muscle fibers [53]. The proliferation and differentiation of SCs during muscle
regeneration are influenced by many factors, including nutrients, epigenetic regulation,
and signal pathway-mediated regulators [17,18,67]. Following treatment with L-leu, dif-
mRNAs clustered in pathways regulation to response to virus, CAMs, growth factor activity,
amino acid transmembrane transporter activity, the chemokine signaling pathway, and the
rap1 signaling pathway, which support the autoimmunity and anti-inflammatory response
of the cell. Additionally, it may be a major fundamental reason for the L-leu-induced
proliferation of equine SCs. Meanwhile, a few observations were particularly noteworthy;
the functional enrichment analysis of differential mRNA, IncRNA, circRNA, and miRNA
demonstrated that anti-inflammatory and cell adhesion were involved. Early research
has found that CAMs are closely related to the immune system and can lead to immune
recognition in human skeletal muscles [68]. Analysis of transcriptional pathways revealed
that Leu was related to immunity and increased muscle function and older adults” SCs



Animals 2023, 13,208

19 of 24

abundance [61,69]. Inflammatory signaling can contribute to muscle atrophy and muscle
damage and is associated with reduced strength in the elderly [70,71]. Importantly, inflam-
matory responses in human studies have been proven to lead to fibrosis accumulation,
the impaired function of SCs, and contribute to poor skeletal muscle regeneration [72,73].
Moreover, Leu has been found to modulate protein turnover and immune response during
human cancer cachexia [74]. Therefore, we speculate that inflammatory pathways may
be reduced by L-leu in order to promote equine SCs proliferation (Figure 7). This also
provides a theoretical basis for L-leu supplementation to treat post-exercise injuries in
horses. Further investigation of this result mechanism is warranted.

As an essential BCAA, Leu supplementation not only replenished sufficient substrates
for protein synthesis but also participated in cell metabolism to provide energy [75]. In
this study, PPI network analysis identified the hub genes related to fat metabolism, amino
acid metabolism, and nucleotide synthesis metabolism, including ACACB, HMGCR, IDI1,
HAO1, SHMT2, PSPH, GLDC, PSAT1, ASS1, PHGDH, MTHFD2, and DPYD. Cell pro-
liferation accompanied many changes in cellular metabolism to meet the biosynthetic
demands. These hub genes were mainly involved in intracellular metabolic processes,
which suggested that L-leu may improve cellular stress and anti-inflammatory response
by regulating cellular metabolic processes. Current advances in cellular metabolism have
shown that AA is not only a raw material for protein synthesis but also important regulators
of cellular processes [76-78]. These metabolite genes may be related to the amino acid
transfer pathway to skeletal muscle and the high activity of skeletal muscle tissue [79].
Activating transcription factor (ATF4) belongs to the basic Leu zipper (bZIP) transcription
factor family, which has the consensus binding site cAMP responsive element (CRE). The
abundance and deprivation of AA can lead to a series of reactions by the intracellular
amino acid sensors [80], and then a large number of genes downstream of ATF4 can cope
with AA starvation [81]. We found that the transcription level of ATF4 was down-regulated
(Supplementary Table S2) with L-leu, which was significantly lower than the CON group.
The results also showed that the genes downstream of ATF4 (PSPH, PSAT1, PHGDH and
SHMT2) in the serine glycine synthesis pathway were down-regulated with L-leu treatment.
The serine glycine synthesis pathway has a wider network that associates glycolysis with
one-carbon metabolism and nucleotide synthesis, and now this has been the main object of
study for inflammation and disease in animal cells [82]. L-leucine deficiency promotes the
transcription level of ATF4 in order to balance the intracellular AAs. These findings indicate
that L-leucine deficiency stimulates the serine—glycine biosynthesis pathway to provide
additional glycine needed for increased protein synthesis is further in agreement with a
recent report with AA deficiency in animal cells [80] and consistent with the result that
pharmacologic inhibition of PHGDH and SHMT2 improve immune cell function in vivo in
humans [82,83]. In other words, L-leu enhances the immune response in order to promote
cell proliferation by inhibiting the serine and glycine biosynthesis pathways.

ASS1 is a key rate-limiting enzyme for the production of arginine, urea, and NO. The
expression level of ASS1 in cells is also different due to the different metabolic pathways
of Arg. ATF4 has been found to play an important role in the regulation of ASS1 [84].
Although there are few such studies, we speculate that ASS1 may also be a downstream
transcription factor of ATF4, and its down-regulation is related to L-leu. This speculation
requires further study. Moreover, mitochondrial folate enzyme (MTHFD2), as an important
immunosuppressive and anticancer agent, is strongly up-regulated in human lymphocytes
and cancers [85,86]. MTHFD?2 is down-regulated with L-leu; it is a metabolic checkpoint
that regulates cell fate and function. This may be caused by L-leu enhancing the higher
pro-inflammatory cytokines of the whole host. L-leucine is a ketogenic amino acid, and
its correlation with genes related to fat metabolism (ACACB, HMGCR, IDI1, and HAO1)
and nucleotide metabolism (DPYD) is rarely reported. However, ACACB and HMGCR
have been studied in metabolic syndrome, obesity, and tumors, and they have the function
of promoting antitumor immunity. Currently, the research into Leu promoting muscle
protein anabolism mainly focuses on humans and mice [74,87-89]. With the large size of
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the procedures involved in equine SCs proliferation, the genes that promote proliferation
and muscle development remain to be discovered. These hub genes need to be investigated
for future muscle development and muscle injury recovery in sports horses. The positive
implications of L-leu supplementation indicate that it may reduce skeletal muscle loss,
improve immune competence, and relieve muscle injury. Thus, L-leu may be a suitable
nutritional strategy to hasten the healing of muscle damage brought on by exercise.

Additionally, we also found the critical role of up-regulated novel 699_star, down-
regulated novel 170_star, and novel 360_mature were significantly enriched in the ceRNA
complex network. These three miRNAs were newly predicted miRNAs in this experiment.
It demonstrated that these miRNAs might play an essential role in the L-leu-induced prolif-
eration of equine SCs. There are relatively few equine annotations in the miRbase database,
which will also be supplementary data to the miRbase database. Future mechanistic studies
are warranted to determine the role of these three miRNAs in the L-leu regulatory network
of equine SCs.

5. Conclusions

In conclusion, this study explored the molecular mechanism of the L-leu-induced
proliferation of equine SCs by using whole-transcriptome sequencing. The hub genes
related to fat metabolism, amino acid metabolism, and nucleotide synthesis metabolism
include ACACB, HMGCR, IDI1, HAO1, SHMT2, PSPH, PSAT1, ASS1, PHGDH, MTHFD2,
and DPYD. They are involved in anti-inflammatory and cell adhesion processes and may
play fundamental roles in the L-leu-induced proliferation of equine SCs. Novel 699_star,
novel 170_star, and novel 360_mature may play a pivotal role in the mechanism of L-leu-
promoting proliferation of equine SCs. These three miRNAs are newly predicted miRNAs,
which will open a new sight in the study of L-leu improving exercise performance and
post-exercise injury repair in horses. Meanwhile, these discoveries reveal the intricacy of
the genome and offer possible new targets for L-leu-induced characterization. Excellent
sports horses are very precious, especially thoroughbred horses. This is of great significance
to solving the injury of horses after sports and improve their sports performance at home
and abroad. To our knowledge, this is the first report where the global gene expression in
L-leu-induced proliferation of equine SCs. It can provide a basis for subsequent animal
experiments. However, this research is constrained by a cell model in proving a compre-
hensive overview of L-leu-induced proliferation of equine SCs, and horses belonging to
the single stomach herbivore, compared with other animals, have unique physiological
structures and eating habits. To establish the precise mechanism of occurrence, additional
in vivo validation utilizing animal models and functional characterization are required.
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